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PREFACE 


This  final  Technical  Report  on  Development  ofxBaseline  Reliability 
prediction  Models  study  was  prepared  by  thejteliabi  1  ity\rj5ineering  Group  of 
the  Vouglit  Corporation,  Dallas,  Texas  under  Contract  N<^/n00019-79-C-0355  for 
the  Nava  I  A i r  Systems  Command,  W a s IvingtonT*' D .  C.  The  objective  of  the  study 
was  to  develop  mathematical  models  which  would  permit  prediction/evaluation  of 
the  reliability  characteristics  of  notional  Navy  aircraft  based  only  on  the 
aircraft  design/performance  parameters. 


The  contract  was  issued  on  27  April  1979  by  Naval  Air  Systems  Command 
(NAVA1R),  Washington,  D.  C.  Mr.  Steve  Meek  (PMA  2694)  was  technical  contract 
monitor.  The  contract  period  from  27  April  through  27  October  1979  covered 
development  of  the  Baseline  Reliability  Prediction  Model  for  fixed  wing 
aircraft.  An  interim  report  covering  this  period  was  submitted  to  NAVA1R  on 
27  October  1979.  The  contract  was  modified  as  a  result  of  NAVAIR's  exercise 
of  a  proposal  option.  The  contract  period  was  extended  through  27  February 
198U  to  provide  for  development  of  the  Baseline  Reliability  Prediction  Model 
for  rotary  wing  aircraft.  The  final  report  covers  the  entire  period  of 

contract  performance  from  27  April  1979  to  27  February  1980. 

Messrs.  Steve  Meek  (PMA  2694),  John  Zell  (AIR  5185),  Dave  McGoy  (AIR 
ul85),  and  Alek  Gacic  (AIR  5185)  provided  technical  consultation  and 
assistance  in  acquisition  of  required  data,  which  contributed  significantly  to 
the  successful  completion  of  this  study.  Comments  received  from  NAVAIR's 
review  of  the  interim  report  contributed  to  the  final  report.  Mr.  Mike  Waltz 

at  the  Naval  Aviation  Logistics  Center  (NALC)  provided  valuable 

suggestions/comments  from  his  review  of  the  interim  report  and  final  report 

draft. 
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1.  INTRODUCTION 


This  volume  is  the  second  of  a  two-volume  report  presenting  the  results  of 
a  study  to  develop  mathematical  models  for  predicting  basel ine  reliability 
characteristics  of  notional  (conceptual)  Navy  aircraft.  The  term  "baseline" 
is  defined  as  descriptive  of  reasonable  expectations  based  on  reported 
operational  trends  unless  significant  design  or  procedural  influences  are 
applied  to  effect  improvements. 

1.1  Objective.  The  objective  of  this  study  was  to  develop  a  model,  i.e., 
a  set  of  mathematical  equations,  for  predicting  the  baseline  Mean  Flight  Hours 
Between  Failures  (MFIIBF)  of  notional  fixed  wing  aircraft,  and  a  similar  model 
for  predicting  the  baseline  MFHBF  of  notional  rotary  wing  aircraft. 

To  accomplish  this  objective,  models  were  required  which  would  accommodate 
notional  aircraft  design/performance  parameters.  In  particular,  the  models 
would  be  capable  of  predicting  baseline  MFHBF  of  notional  aircraft  being 
considered  by  the  Navy  in  the  Sea  Based  Air  Master  Study  effort.  These 
predictions  would  of  necessity  be  based  on  aircraft  design/perfonnance 
parameters  progressively  definitized  as  a  part  of  notional  aircraft  evolution 
and  assessment. 

1.2  Historical  Background.  The  increased  emphasis  on  reliability  has 
resulted  in  an  increased  need  for  a  method  of  evaluating  the  reliability 
characteristics  of  notional  Navy  aircraft.  Standard  reliability  prediction 
methods,  e.g.,  MIL  HDBK  217,  cannot  be  used  because  the  level  of  system  detail 
is  not  available  for  a  notional  aircraft.  However,  the  values  of  aircraft 
.design/performance  parameters  can  generally  be  obtained.  Therefore, 
prediction  of  notional  aircraft  reliability  characteristics  can  be  predicted 
an  the  basis  of  aircraft  design/performance  parameters. 

This  approach  has  been  taken  in  developing  models  for  predicting 
"aintainabi 1 ity  and  maintenance  characteri sties  of  notional  aircraft 
References  1  and  2).  Predictions  of  notional  aircraft  maintainability  and 
-aintenance  characteristics  were  made  on  the  basis  of  equations  which  were 
eveloped  by  statistically  relating  historical  maintenance  data,  at  the 
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two-digit  Work  Unit  Code  (WUC)  subsystem  level,  to  aircraft  design 
characteristics. 

This  approach  was  taken  in  developing  the  aircraft  Baseline  Reliability 
Prediction  Models.  The  reliability  parameter  used  to  describe  the  reliability 
characteristics  of  notional  aircraft  was  Mean  Flight  Hours  Between  Failures 
(MFHBF).  Two-digit  WUC  subsystem  MFHBF  was  related  statistically  to 
'Historical  Navy  aircraft  design/performance  parameters. 

1.3  Model  Description  and  Application.  The  Baseline  Reliability 
Prediction  Models  for  Navy  notional  aircraft  provide  the  capability  of 
treating  reliability  as  a  conceptual  aircraft  trade-off  parameter.  The  models 
consist  of  75  statistically  derived  equations  using  notional 
design/performance  parameters;  40  equations  for  fixed  wing  aircraft  and  35 
equations  for  rotary  wing  aircraft.  As  soon  as  the  design/performance 
parameters -of  a  notional  aircraft  are  definitized,  the  baseline  MFHBF  can  be 
predicted  using  the  appropriate  model.  The  baseline  MFHBF  is  predicted  at  the 
two-digit  WUC  subsystem  level  of  a  notional  aircraft.  These  predicted  values 
of  the  MFHBF  are  combined  mathematically  to  obtain  the  baseline  MFHBF 
prediction  of  the  overall  notional  aircraft.  It  should  be  noted  that  the 
first  equation  in  each  model  was  developed  to  predict  an  overall  weapon  system 
baseline  MFHBF  and  should  be  used  as  a  check  or  validation  of  the  MFHBF 
resulting  from  combining  the  individual  two-digit  WUC  subsystem  MFHBF  values. 

The  Baseline  Reliability  Prediction  Models  are  applicable,  with  few 
constraints,  to  assessment  of  baseline  MFHBF  of  notional  Navy  aircraft  due  to 
(1)  the  prediction  equations  being  developed  at  the  two-digit  WUC  subsystem 
level  and  (2)  the  wide  variety  of  aircraft  types  and  mission  variants  used  for 
model  development.  In  particular,  these  models  are  applicable  to  the  notional 
aircraft  being  evaluated  by  the  Navy  as  a  part  of  the  Sea  Based  Air  Master 
Study  (SBAMS)  effort.  More  specifically,  the  fixed  wing  reliability 
prediction  model  is  applicable  to  V/STOL,  STOL,  CTOL,  and  STOVl  notional 
aircraft  categories  and  fighter  (F),  attack  (A),  electronic  warfare  (EW), 
reconnaissance  (RECCE),  antisubmarine/antisurface  warfare  (ASW/ASUW),  airborne 
early  warning  (AEW),  carrier  on  board  (COB),  vertical  or.  board  (V00),  tanker 
(TKR),  and  missileer  (AAW)  mission  variants.  The  rotary  wing  reliability 


2 


prediction  model  is  applicable  to  V/STOL  aircraft  with  rotary  wing 
characteristics  and  HELO  notion-)  I  aircraft,  and  ASW,  marine  assault  (HA),  VOD, 
and  search  and  rescue  (SAR)  mission  variants. 

1.4  Approach.  The  Baseline  Reliability  Prediction  Models  were  developed 

by  application  of  statistical  methods  to  derive  mathematical  relationships 

between  MFHBF  and  selected  historical  aircraft  design/performance  parameters. 
An  equation  which  relates  the  MFHBF  of  the  subsystem  to  the  aircraft 

design/performance  parameters  was  developed  for  each  two-digit  WUC  subsystem 

considered.  One  model,  i.e.,  set  of  MFHBF  prediction  equations,  was  developed 

for  fixed  wing  aircraft  and  another  model  for  rotary  wing  aircraft.  Each 
model  was  developed  so  that  it  would  be  applicable  to  different  mission 
variants. 

Three  major  tasks  were  required  to  develop  the  Navy  aircraft  baseline 
reliability  prediction  equations:  (1)  selection,  extraction,  and  compilation 
of  historical  Navy  aircraft  desiyn/performance  parameters,  (2)  development  of 
a  reliability  data  base  consisting  of  MFHBF  values  for  each  selected 
historical  Navy  aircraft  at  the  two-digit  Work  Unit  Code  (WIIC)  level,  and  (3) 
model  development  and  validation  by  application  of  statistical  methods  to  the 
data  bases. 

1.5  Organization  of  Report.  The  remainder  of  this  volume  is  divided  into 
two  major  parts  --  the  User's  Guide  consisting  of  Sections  2  and  3,  and  the 
Model  Development  consisting  of  Sections  4  through  7.  Section  2  presents  two 
models,  i.e.,  sets  of  mathematical  equations,  one  for  fixed  wing  and  another 
for  rotary  wing  aircraft  application.  A  summary  of  the  design/performance 
parameters  and  the  historical  aircraft  used  to  derive  each  equation  are  given 
in  Section  2.  The  procedures  for  proper  application  of  the  prediction 
equations  are  described  in  Section  3.  Section  4  describes  the  selection, 
compilation,  and  screening  of  data  for  both  the  MFHBF  Data  Bases  and  the 
Design/Performance  Data  Bases,  from  which  the  prediction  equations  were 
derived.  Section  5  presents  the  statistical  techniques  employed  in  the 
analysis  of  the  data.  Section  6  discusses  in  detail  the  procedures  followed 
to  derive  the  prediction  models.  Section  7  describes  the  methodology  used  and 
results  of  model  validation  efforts. 
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2.  BASELINE  RELIABILITY  PREDICTION  MODEL 


Seventy-five  MFHBF  prediction  equations  were  developed  as  elements  of  the 
two  Baseline  Reliability  Prediction  Models.  Forty  of  the  equations  comprise 
the  Fixed  Wing  Aircraft  Prediction  Model,  and  are  presented  in  Section  2.2, 
while  the  remaining  35  equations  were  developed  for  the  Rotary  Wing  Aircraft 
Prediction  Model,  and  are  described  in  Section  2.3.  Prior  to  examination  and 
use  of  the  models  some  background  as  to  their  development  will  be  helpful. 

2.1  Equation  Development.  Two  equation  forms  were  considered  in 
describing  the  relationships  between  the  two-digit  WUC  subsystem  MFHBF  and  the 
design/performance  parameters  of  Navy  aircraft.  Each  prediction  equation  has 
one  of  the  following  forms,  depending  on  which  form  of  equation  provided  the 
best  fit  to  the  data: 

a.  Linear  -  The  two-digit  WUC  subsystem  MFHBF  is  expressed  as  a  linear 

combination  of  various  design/performance  parameters  of  5  historical 
Navy  aircraft,  i.e.,  the  equation  is  written  as: 

MFHBF  =  bQ  +  b1X1  +  b2X2  +  ....  +  bpXp,  (2.1) 

where 

MFHBF  is  mean  flight  hours  between  failures  for  a  two-digit 
WUC  subsystem, 

Xp  X2,  - -  Xp  are  aircraft  characteristics,  i.e.,  predictor 

variables  and 

by,  b^,  ....,  bp  are  constants,  estimated  from  the  data. 

o.  Natural  Log  -  The  natural  log  of  the  MFHBF,  In(MFHBF),  is  expressed 
as  a  linear  combination  of  various  aircraft  characteristics,  i.e., 
the  equation  is  written  as; 


In (MFHBF)  = 


bQ  ♦  blXl  +  b2x2  - 


+  b  X 
P  P 


(2.2) 


The  MFHBF  is  then  predicted  by  exponentiating  the  equation,  i.e., 

MFHBF  =  e  ^Wl  ''  b2X2  +  **”  +  bpV  =  eZ  (2‘3) 

While  Equation  (2.3)  is  the  expression  used  to  predict  the  baseline  MFHBF 
in  most  of  the  prediction  equations,  Equation  (2.2)  is  the  form  used  to 
perform  the  analysis  associated  with  the  model  development. 

The  design/performance  parameters  of  the  prediction  equations,  i.e.,  the 
predictor  variables,  were  derived  through  the  use  of  a  variety  of  selection 
and  statistical  refinement  procedures  (see  Sections  6.1  and  6.3).  While 
variables  with  intuitive  appeal,  from  an  engineering  standpoint,  were  favored 
other  variables,  having  strong  statistical  value,  have  also  been  included  as 
predictor  variables.  Some  of  the  seemingly  unrelated  variables  may  be  acting 
as  a  proxy  for  more  intuitive  characteristics  which  were  not  included  in  the 
Design/Performance  Data  Base. 

2.2.  Fixed  Wing  Aircraft  MFHBF  Prediction  Model.  The  Baseline  Reliability 
Prediction  Model  for  the  fixed  wing  aircraft  is  comprised  of  40  baseline 
MFHBF  prediction  equations.  These  equations,  shown  in  Table  2-1,  include 
prediction  equations  for  each  of  the  38  two-digit  WUC  subsystems,  considered 
basic  for  the  fixed  wing  aircraft,  plus  two  additional  equations.  One 
equation  has  been  created  to  permit  prediction  of  the  overall  baseline  MFHBF 
of  fixed  wing  aircraft  and  is  denoted  by  WUC  00000.  This  equation  was 
developed  for  use  in  model  validation.  The  other  equation  is  for  predicting 
baseline  MFHBF  of  either  turbojet  or  turbofan  engines,  and  is  denoted  by  WUC 
20000.  This  equation  was  developed  to  supplement  the  individual  WUC 
prediction  equations  for  WUC  23000  and  WUC  27000  (see  Section  6.1.2  for 
details) . 

Fixed  wing  aircraft  design/performance  parameters  appearing  in  the 
prediction  equations  requiring  a  definition  or  explanation  include: 

o  Type  A  or  B: 

a  binary  indicator  parameter  used  to  permit  categorical 
differences  between  aircraft  to  be  accounted  for.  For  a  Type  A 
aircraft,  this  parameter  is  set  equal  to  "0"  (zero),  and  for  a 
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Type  B  aircraft  is  set  equal  to  "1"  (one)  Type  B  aircraft 
include  fighter,  attack,  reconnaissance  (derivatives  of 
fighter/attack),  and  electronic  warfare;  Type  A  is  all  other 
aircraft.  The  variable  is  occasionally  used  in  a  product, 
o  Min.  Combat  Mission  Time: 

the  minimum  duration  of  all  design  combat  missions,  excluding 
the  ferry  mission, 

o  Max.  Idg.  Wt.  --  Arrested  or  Design: 

the  maximum  arrested  landing  weight  if  the  aircraft  is 

carrier-based-  the  maximum  design  landing  weight  if  the  aircraft 
is  land-based. 

o  Crew  Size  --  Cockpit  or  Total: 

cockpit  crew  size  if  the  aircraft  is  Type  B;  total  crew  size  if 
the  aircraft  is  Type  A. 

o  Kinetic  Energy  (multi,  of  100,000): 

the  (Maximum  Landing  Weight  in  Lbs)  times  the  (Landing  Sin* 

Speed  --  Limit  in  ft/sec)2,  i.e.,  KE  =  (Wt  in  Lbs.)  times 
(Speed  in  Ft. /Sec.)2.  Then  KE  is  divided  by  100,000  prior  to 
use  in  a  prediction  equation.  This  is  a  modified  definition  and 
should  not  be  confused  with  the  standard  definition  in  a  physics 
text. 

o  Afterburner  Indicator: 

a  binary  indicator  parameter  used  to  permit  differences  between 
aircraft,  with  or  without  an  afterburner,  to  be  accounted  for. 
The  parameter  has  a  value  of  "1"  when  the  aircraft  has  an 
afterburner,  otherwise  it  has  a  value  of  "0". 
o  EW  Indicator: 

a  binary  indicator  parameter  used  to  account  for  differences 

between  electronic  warfare  aircraft  and  non-electronic  warfare 
aircraft.  The  parameter  has  a  value  of  "1"  when  the  aircraft  is 
an  electronic  warfare  aircraft,  otherwise  it  has  a  value  of  "0". 


I  Additional  definitions  and  explanations  for  specific  fixed  wing  aircraft 
,>es i gn/per f ormance  parameters  are  provided  in  Table  A-6  of  Appendix  A  and  all 
:j  ign/perf ormance  parameters  with  their  units  are  given  in  Table  A-8. 


,  Tne  predicted  values  for  WUC  20000  (Turbojet/Turbofan  Engines),  WUC  22000 
I  -.;oshaft  Engines),  WUC  23000  (Turbojet  Engines),  WUC  27000  (Turbofan 
lupines),  and  WUC  29000  (Power  Plant  installation),  apply  to  a  single  engine 

I  i  6 


v 


TABLE  2-1 

OVERALL  FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 

(WUC  OOOOO) 


7 

MFHBF  =  1.53255  +  £  b.X. 

i=l  1  1 


Variable  Aircraft  Characteristic 

i  Xl 

1  Maximum  Aircraft  Height 

2  Fuselage  Wetted  Area 

3  Wing  Area 

4  Number  of  External  Store  Stations 

5  Number  of  Internal  Tanks 

6  Flight  Design  Weight 

7  Type  A  or  B 

h 


Coefficient 

b. 

.30591  x  10"  1 
.79922  x  10"3 
-.18001  x  10"2 
.48897  x  10"1 
-.70972  x  10'1 
-.19398  x  10-4 
-.12830 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  AIRFRAME 

(WUC  11000) 


!  ( 


Variable 


I 


1 

2 

3 

4 
b 
6 
; 
8 
9 


l  =  In(MFHBF)  =  3.90037  +  J  biXi 

1  =  1 


MFHBF  =  e 


Aircraft  Characteristics 


Coefficient 


Xi 


Wing  Span  --  Folded  (*s) 

Max.  Aircraft  Length  (x„) 

Fuselage  Volume  (fa ) 

Flight  Control  Surface  Area  ( X ,9) 

Kinetic  Energy  ( 

Total  Fuel  Capacity  (*zc) 

Max.  Wing  Loading  (tfjs) 

Max.  Thrust  to  Max  Take-Off  Weight 
Flight  Design  Wt.  to  Max.  T.O.  Weight^) 


.45925  x  10 


-1 


47705  x  10 


-1 


-.21737  x  10 


-3 


-.28539  x  10 


.-3 


10 


10 


-.44285 
.22795 
-.80609  x  10 
1 .00835 


-3 


-4 


-2 


.42445  x  10 


-1 


wer.ii 


/ 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FUSELAGE  COMPARTMENTS 

(WUC  12000) 


9 

Z  =  In  (MFHBF)  =  6.26009  +  J  b^. 
MFHBF  =  eZ 


Variable 


2 

3 

4 

5 

6 

7 

8 
9 


Aircraft  Characteristic 
Xi 

Fuselage  Volume  b ) 

Pressurized  Fuselage  Volume  (iz\ ) 

Total  ECS  Weight 

Kinetic  Energy 

No.  of  Internal  Tanks  (ive) 

Max.  Thrust  to  Max.  Take-Off  Weight 
Min.  Combat  Mission  Time  (1(3?) 

Max.  Speed  --  Mach  No. 

Flight  Design  Wt.  to  Max.  T.O.  Weight 


Coefficient 


.31073  x  10 
-.39154  x  10 
.42298  x  10 


-3 

-3 

-3 


-.30346  x  10 
-.11206 
-.27330 
-.15924  x  10 
-.16122 
-1.98593 


-2 


-1 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  LANDING  GEAR 

(WUC  13000) 


9 

Z  =  ln(MFHBF)  =  3.74917  +  l  b.X. 

1  =  1  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

br 

1 

Max.  Aircraft  Length  (X,0) 

-.34022  x  10 

2 

Max.  Aircraft  Height 

.57675  x  10 

3 

Wheelbase  (/,?.) 

-.22754  x  10 

4 

Fuselage  Volume 

-.24390  x  10 

5 

Kinetic  Energy  (Vbo 

-.18810  x  10 

6 

Max.  Ldg.  Wt.  --  Arrested  or  Design^??) 

.36539  x  10 

7 

Min.  Combat  Mission  Time  (i^) 

-.12237 

8 

Type  A  or  B  (X53) 

-.34138 

9 

(Min.  Combat  Mission  Time)  x 

.10543  x  10 

(Type  A  or  B)  ( 

TABLE  2-1  (Cont.) 

FIXEO  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FLIGHT  CONTROLS 

(WUC  14000) 


10 

Z  =  ln(MFHBF)  =  3.00745  +  [  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable 

i 


Aircraft  Characteristic 


Coefficient 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


No.  of  Moveable  Fit.  Control  Surfaces 
No.  of  Variable  Inlets 
Wing  Sweep  at  1/4  Chord 
No.  of  Wing  Plus  Tail  Folds 
Aspect  Ratio 

Flight  Control  Surface  Area 

Total  ECS  Weight 

No.  of  Engines 

Max.  Wing  Loading 

Mil.  Thrust  to  Design  Weight 


.26782  x  10" 1 
-.15937 

-.70022  x  10"2 
.72991  x  10"1 
.34615  x  10"1 
-.68313  x  10"3 
-.32656  x  10"3 
-.83656  x  10"1 
.30344  x  10"3 
-.34316  x  10'2 
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TABLE  2-1  (Cent.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFH6F  PREDICTION  EQUATION 
FOR  THE  TURBOJET/TURBOFAN  ENGINES 

(WUC  20000) 


9 

MFHBF  (per  engine)  =  41.29953  +  J  b..X. 


Variable 

i 


Aircraft  Characteristic 


Coefficient 


b. 

i 


1 

2 

3 

4 

5 

6 

7 

8 
9 


Wing  Area 

Engine  Weight  Installed  Per  Engine 
Max.  Compression  Ratio 
Spec.  Fuel  Consumption 
Turbine  Inlet  Temperature 
Empty  Weight 

Max.  Thrust  to  Inst.  Eng.  Weight 
Min.  Combat  Mission  Time 
Max.  Speed  --  Mach  No. 


-.39357  x  10'1 
-.92293  x  10'2 
.97483 
-10.80333 

.32736  x  10"2 
.29245  x  10"3 
-3.36498 
7.47626 
17.75216 


'“■P^WpUPHIppgl^pi^Bgl^^ 


TABLE  2-1  (Cont.) 

FIXEO  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  TURBOSHAFT  ENGINES 

(WUC  22000) 


4 

MFHBF  (per  engine)  =  -43.59505  +  l  b.X. 

1  =  1  1  1 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Wing  Area 

.26287  x  10 

2 

Specific  Fuel  Consumption 

-47.41315 

3 

Max.  Thrust  to  Installed  Engine  Wt. 

21.03649 

4 

Max.  Speed  --  Mach  No. 

101.37260 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  TURBOJET  ENGINES 

(WUC  23000) 


7 

MFHBF  (per  engine)  =  4.16807  +  F  b.X. 

1=1  1  1 


Variable 

1 

1 

2 

3 

4 

5 

6 
7 


Aircraft  Characteristic 


Wing  Area 

Total  Aircraft  Thrust  --  Military 
Max.  Engine  Diameter 
Specific  Fuel  Consumption 
Max.  Rate  of  Climb  at  Sea  Level 
Max.  Thrust  to  Installed  Engine  Wt. 
Min.  Combat  Mission  Time 


Coefficient 


-.58333  x  10"' 
.10953  x  10"2 
.69506  x  lp"1 
-11.54031 
-.62785  x  10"4 
8.02291 
7 .64590 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  AUXILIARY  POWER  PLANT  AIRBORNE 

(WUC  24000} 


4 

Z  =  ln(MFHBF)  =  3.92959  +  £  b.X. 

i  =  l  1  1 

MFHBF  *  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Crew  Size  --  Cockpit  or  Total 

-.73491  x  10"1 

2 

Kinetic  Energy 

.31667  x  10"3 

3 

Max.  Payload 

.90390  x  10"5 
.62697  x  10” 1 

4 

Max.  Combat  Mission  Time 

15 


4 


I 

4  . 

TABLE  2-1  (Cont.) 

I  FIXED  WING  AIRCRAFT 

BASELINE  MFHBF  PREDICTION  EQUATION 
i  FOR  THE  TURBOFAN  ENGINES 

(WUC  27000) 


MFHBF  (per  engine)  =  -27.07110  +  l  b-X- 

i=l 


Variable 

1 

1 

2 

3 

4 


Aircraft  Characteristic 
Xi 


Wing  Area 

Specific  Fuel  Consumption 

Max.  Thrust  to  Installed  Engine  Wt. 

Min.  Combat  Mission  Time 


Coefficient 

bi 

.74634  x  10 
29.39066 
.20384 
8.29340 


-i 


L; 


% 
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TABLE  2-1  (Cont.) 

FIXEO  WING  AIRCRAFT 
BASELINE  MFH8F  PREDICTION  EQUATION 
FOR  THE  POWER  PLANT  INSTALLATION 

(WUC  29000) 


9 

Z  =  In(MFHBF)  (per  engine)  =  4.29183  +  £  b.X. 

i=l  1  1 

MFHBF  (per  engine)  =  e2 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Kinetic  Energy 

.78162  x  10"3 

2 

No.  of  Engines 

-.47342  x  10"1 

3 

Max.  Thrust  per  Engine 

-.11188  x  10"3 

4 

Max.  Engine  Diameter 

-.43156  x  10"1 

5 

Max.  Engine  Length 

-.66780  x  10"2 

6 

Eng.  Wt.  Installed  Per  Engine 

.44121  x  10"3 

7 

Max.  Thrust  to  Installed  Eng.  Weight 

.24905 

8 

Min.  Combat  Mission  Time 

.15982 

9 

Max.  Speed  --  Mach  No. 

.87790 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  AIR  CONDITIONING/PRESSURIZATION/ICE  CONTROL 

{WL1C  41000) 


9 

Z  =  ln(MFHBF)  =  4.27794  +  £  b-X. 

i=l 

MFHBF  =  eZ 


'iable  Aircraft  Characteristic 


Coefficient 


1 

Crew  Size  —  Cockpit  or  Total 

.20048 

2 

Pressurized  Fuselage  Volume 

-.23720 

X 

10"3 

3 

Avionics  Weight  Installed 

-.69055 

X 

10'4 

4 

Total  Generator  Electrical  Power 

.14571 

X 

10"2 

5 

Total  ECS  Weight 

-.46927 

X 

10'3 

6 

No.  of  Engines 

-.54877 

7 

Empty  Weight 

.73377 

X 

10'6 

8 

Max.  Rate  of  Climb  at  Sea  Level 

.71702 

X 

10"4 

9 

Max.  Speed  --  Mach  No. 

-.37055 

V 


i 

j  TABLE  2-1  (Cont.) 

*  FIXED  WING  AIRCRAFT 

BASELINE  MFHBF  PREDICTION  EQUATION 
!  FOR  THE  ELECTRICAL  POWER  SYSTEM 

(WUC  42000) 


9 

Z  =  In(MFHBF)  =  2.94917  +  J  biXi 
MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Crew  Size  --  Cockpit  or  Total 

.59141  x 

10"1 

2 

No.  of  Moveable  Fit.  Control  Surfaces 

-.31479  x 

10"2 

3 

Flight  Control  Surface  Area 

-.19133  x 

10'3 

4 

No.  of  Guns 

.16676 

5 

Avionics  Weight  Installed 

-.16890  x 

10'5 

6 

Total  Generator  Electrical  Power 

.62610  x 

10"2 

7 

Total  Fuel  Capacity 

-.18466  x 

10“5 

8 

No.  of  Engines 

-.54102 

10"1 

9 

Min.  Combat  Mission  Time 

.70435  x 

F 

\ 

i 

I 


t 

! 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  LIGHTING  SYSTEM 

(WUC  44000) 


Z  =  In (MFHBF)  =  3.69595  + 


9 

A 


»ixi 


MFHBF  =  eZ 


Variable  Aircraft  Characteristic 


Coefficient 


1  Crew  Size  --  Cockpit  or  Total 

2  Wing  Span  --  Folded 

3  Max.  Aircraft  Length 

4  Max.  Aircraft  Height 

5  Pressurized  Fuselage  Volume 

6  Avionics  Weight  Installed 

7  Total  ECS  Weight 

8  Kinetic  Energy 

9  No.  of  Engines 


-.17937 

X 

10“ 1 

-.14467 

X 

10"1 

-.22274 

X 

10_1 

.58484 

X 

10_1 

.15541 

X 

10"4 

-.21382 

X 

10'4 

.25966 

X 

10“3 

-.16067 

X 

io“2 

-.97012 

X 

10“2 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  HYDRAULIC  AND  PNEUMATIC  POWER 

(WUC  45000) 


10 


Z  =  ln(MFHBF)  =  4.89547  +  l  b.X. 

i=l  11 

Z 


MFHBF 


) 


Variable  Aircraft  Characteristic 


Coefficient 


1 

No.  of  Moveable  Fit.  Control  Surfaces 

.38953 

X 

10_1 

10-1 

2 

No.  of  Variable  Inlets 

-.85082 

X 

3 

No.  of  Wing  Plus  Tail  Folds 

-.19419 

4 

Wing  Area 

-.16896 

X 

10~2 

10"2 

5 

Fit.  Control  Surface  Area 

.18224 

X 

6 

Total  Aircraft  Thrust  --  Military 

-.86032 

X 

10“5 

7 

Engine  Wt.  Installed  Per  Engine 

-.24596 

X 

10'3 

10'1 

8 

Max.  Wing  Loading 

-.15769 

X 

9 

Max.  Rate  of  Climb  at  Sea  Level 

.10115 

X 

10"3 
10" 1 

10 

Min.  Combat  Mission  Time 

.26280 

X 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FUEL  SYSTEM 

(WUC  46000) 


10 

Z  =  ln(MFHBF)  =  4.47070  +  J  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

br- 

1 

Max.  Aircraft  Length 

-.10740  x 

10 

2 

No.  of  External  Store  Stations 

.69307  x 

10 

3 

Fuel  Capacity  Max.  Internal 

1 

O'. 

ro 

O 

X 

10 

4 

Total  Fuel  Capacity 

-.35719  x 

10 

5 

No.  of  External  Tanks 

-.22514 

6 

No.  of  Internal  Tanks 

-.26701  x 

10 

7 

No.  of  Engines 

.20195 

8 

Total  Aircraft  Thrust  --  Military 

-.76385  x 

10 

9 

Engine  Wt.  Installed  Per  Engine 

-.1253.  x 

10 

10 

Max.  Combat  Radius 

.41790  x 

10 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  OXYGEN  SYSTEMS 

(WUC  47000) 


i 

l  ■ 

i 


7 

Z  =  In(MFHBF)  =  6.39195  +  jf  b.X. 

i=1  1  1 

MFHBF  =  eZ 


r 

i 

Variable 

Aircraft  Characteristic 

Coefficient 

i 

i 

i 

Xi 

bi 

i 

1 

Crew  Size  --  Cockpit  or  Total 

-.82837  x  10'1 

2 

Pressurized  Fuselage  Volume 

-.75657  x  I0"3 

3 

Total  Generator  Electrical  Power 

.83093  x  IP"2 

4 

Empty  Weight 

-.42179  x  10'4 
-.85764  x  10-1 

V 

5 

Min.  Combat  Mission  Time 

1 

6 

Type  A  or  B 

-1.45235 

{ 

7 

(Min.  Combat  Mission  Time)  x 

.17160 

L 

L 

(Type  A  or  B) 

r 

L 

n 

L 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  MISCELLANEOUS  UTILITIES 

(WUC  49000) 


10 

Z  *  ln(MFHBF)  =  6.25902  +  £  b,X. 

i=l 

MFHBF  =  eZ 


Coefficient 


.18175 

.66526  x  10-2 
.77909  x  10'1 
.63791  x  10'3 
.10243  x  10'2 
.77721  x  10~3 
.56406 
.28239 
.64934 
.25522 


Aircraft  Characteristic 
Xi 

Crew  Size  --  Cockpit  or  Total 

Max.  No.  of  External  Armament  Stores 

Max.  Aircraft  Height 

Fuselage  Wetted  Area 

Wing  Wetted  Area 

Total  ECS  Weight 

No.  of  Engines 

Max.  Speed  --  Mach  No. 

Type  A  or  8 

(Max.  Speed  --  Mach  No.)  x 
(Type  A  or  B) 


TABLE  2-1  (Cont.) 

FIXEO  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  INSTRUMENTS 

(WUC  51000) 


10 

Z  =  In(MFHBF)  =  3.68697  +  £  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable  Aircraft  Characteristic 


Coefficient 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 


C rev/  Size  --  Cockpit  or  Total 

No.  of  Moveable  Fit.  Control  Surfaces 

No.  of  Variable  Inlets 

No.  of  Vertical  Tails 

Max.  No.  of  External  Armament  Stores 

Total  ECS  Weight 

No.  of  Engines 

Max.  Combat  Radius 

Max.  Speed  --  Mach  No. 

(Max.  Speed  --  Mach  No.)  x 
(Type  A  or  B) 


.12289 

.47588  x  10" 1 
.33078 

-.69253  x  10"1 
.13270  x  10" 1 
-.23291  x  10"3 
-.66364 

-.57708  x  10"3 
.37363  x  10"1 
-.41129 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FLIGHT  REFERENCE 

(WUC  56000) 


10 

Z  =  In(MFHBF)  =  6.59589  +  J  b.X. 
MFHBF  =  eZ 


Variable 

i 


Aircraft  Characteristic 


Coefficient 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


No.  of  Variable  Inlets 

Pressurized  Fuselage  Volume 

Avionics  Weight  Installed 

Total  ECS  Weight 

Design  Load  Factor  --  Subsonic 

Max.  Wing  Loading 

Max.  Rate  of  Climb  at  Sea  Level 

Max.  Thrust  to  Max.  Take-Off  Weight 

Max.  Combat  Radius 

Max.  Speed  --  Mach  No. 


-.43436 

-.27376  x  10-3 
-.10979  x  10"3 
.44878  x  10"3 
-.63073  x  10"1 
-.22801  x  10"1 
.91942  x  10"4 
-.50975 

-.17243  x  10'3 
-.13006 


26 


alt  *r,\j 


Variable 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  INTEGRATED  GUIDANCE/FLIGHT  CONTROL 

(WUC  57000) 


9 

Z  =  ln(MFH8F)  =  3.84555  +  £  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Aircraft  Characteristic 
Xi 

No.  of  Moveable  Fit.  Control  Surfaces 
Pressurized  Fuselage  Volume 
Avionics  Weight  Installed 
No.  cf  Engines 

Design  Load  Factor  --  Subsonic 

Max.  Wing  Loading 

Max.  Rate  of  Climb  at  Sea  Level 


Coefficient 

bi 

.21782  x  10"1 
-.82904  x  10"4 
.28876  x  10"4 
.21503 

-.21879  x  10~3 
-.71315  x  10“2 
.10273  x  10'3 


Max.  Thrust  to  Max.  Take-Off  Weight  -.66380 

Max.  Speed  --  Mach  No.  -.56747 


ft  ' 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  VHF  COMMUNICATIONS  SYSTEM 


(WUC  61000) 


Variable 


Z  =  In (MFHBF)  =  4.32200  +  £  b.X. 

1=1  1  1 


MFHBF  =  e 


Aircraft  Characteristic 


Avionics  Weight  Installed 
Total  ECS  Weight 
Max.  Combat  Radius 
Max.  Speed  --  Mach  No. 

Type  A  or  B 

(Max.  Speed  --  Mach  No.)  x 
(Type  A  or  B) 

(Avionics  Wt.  Installed)  x 
(Type  A  or  B) 


Coefficient 


-.11443  x  }0~° 
-.52557  x  10"3 
.59998  x  10"3 
.39669 
-2.57308 
.16335 


.48986  x  10" 


1  V 


'  1  w  :  „  ,  . 


'  '  L-l 

ft  *  y 

.... 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
8ASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  VHF  COMMUNICATIONS  SYSTEM 

(WUC  62000) 


4 

Z  =  In (MFHBF)  =  6.58800  +  £  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Variable 


i 


Aircraft  Characteristic 
xi 


Coefficient 

b. 


1 

2 

3 

4 


Crew  Size  --  Cockpit  or  Total 
Fuselage  Volume 
Total  ECS  Weight 
Max.  Combat  Mission  Time 


1.4^436 
-.37156  x  10 
.93790  x  10' 
-.40689 


-2 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  UHF  COMMUNICATIONS 

(WUC  63000) 


11 

Z  =  ln(MFHBF)  =  3.21447  +  l  b,X. 

i=l  11 

MFHBF  =  eZ 


Variable 

1 

1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 


Aircraft  Characteristic 


Coefficient 


Crew  Size  --  Cockpit  or  Total 

Fuselage  Volume 

Avionics  Weight  Installed 

Total  ECS  Weight 

Kinetic  Energy 

Max.  Wing  Loading 

Max.  Rate  of  Climb  at  Sea  Level 

Max.  Service  Ceiling  —  100  FPM 

Max.  Combat  Radius 

Min.  Combat  Mission  Time 

Max.  Combat  Mission  Time 


-.69289 
.49928 
.19025 
.33068 
.87231 
-.95668 
.94571 
-.93535 
.25854 
-.  15570 
.91245 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  INTERPHONE  SYSTEM 

{WUC  64000) 


8 

Z  =  ln(MFHBF)  =  5.20450  +  £  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

b. 

i 

1 

Crew  Size  --  Cockpit  or  Total 

-.11231 

2 

Pressurized  Fuselage  Volume 

.84585  x  10"4 

3 

Avionics  Weight  Installed 

-.46752  x  10"4 

4 

Total  Generator  Electrical  Power 

-.39612  x  10'2 

5 

Total  ECS  Weight 

-.10946  x  10'3 

6 

Kinetic  Energy 

-.32499  x  10"2 

7 

Max.  Combat  Radius 

.26999  x  10"3 

8 

Max.  Speed  --  Mach  No. 

.46557 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  IFF  SYSTEMS 

(WUC  65000) 


10 

Z  =  ln(MFHBF)  =  4.11223  +  £  b,X 

i=l 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

X. 

b. 

l 

• 

Crew  Size  --  Cockpit  or  Total 

-.15445  x  10' 

2 

Fuselage  Volume 

-.22737  x  10' 

3 

Avionics  Weight  Installed 

-.50592  x  10 

4 

Total  ECS  Weight 

-.11893  x  10 

5 

Kinetic  Energy 

.64649  x  10 

6 

Max.  Wing  Loading 

.52660  x  10 

7 

Max.  Service  Ceiling  --  100  FPM 

-.99453  x  10 

8 

Max.  Combat  Radius 

.29250  x  10 

9 

Min.  Combat  Mission  Time 

.26576  x  10 

10 

Max.  Combat  Mission  Time 

.91915  x  10 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  EMERGENCY  RADIO 

(WUC  66000) 


9 

Z  =  ln(MFHBF)  =  2.75593  +  J  biXi 
MFHBF  =  eZ 


Variable 

1 

1 

2 

3 

4 

5 

6 

7 

8 
9 


Aircraft  Characteristic 


Coefficient 


Avionics  Weight  Installed 

Max.  Wing  Loading 

Max.  Service  Ceiling  ---  100  FPM 

Max.  Combat  Radius 

Min.  Combat  Mission  Time 

Max.  Combat  Mission  Time 

Max.  Speed  --  Mach  No. 

Type  A  or  B 
(Max.  Wing  Loading)  x 
(Type  A  or  B) 


-.10414  x  10" 
.21356  x  10" 
.78696  x  10" 
-.28700  x  10“ 
.30361 
-.11984 
-.49971 
-.30680 
-.15781  x  10" 


33 


4 .  " 


•  »  ILfl.  U 


\  VVIM/,  J 


fixed  wing  aircraft 
baseline  mfhbf  prediction  equatioh 

FOR  THE  CNI  INTEGRATED  PACKAGE 


(WUC  67000) 


2  =  In(MFHBF)  =  7.87134  +  J  b  X 

i=l  1  i 

MFHBF  --  eZ 


Variable 


!  ' 


2 

3 

4 

5 

6 
7 


Aircraft  Characteri st i c 


Xi 


Crew  Size  --  Cockpit  or  Total 
Pressurized  Fuselage  Volume 
Avionics  Weight  Installed 
Max.  Combat  Radius 
Min.  Combat  Mission  Time 
Type  A  or  B 

(Avionics  Wt.  Installed)  x 
(Type  A  or  B) 


Coefficient 


b. 

i 


-.29080 

-.17631  x  10'2 
. 12476  x  10"3 
.90909  x  10"3 
-.44049 
-2.12936 
-.73023  x  10-3 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  MISCELLANEOUS  COMMUNICATIONS  EQUIPMENT 

(WUC  69000) 


5 

Z- =  In(MFHBF)  =  5.78196  +  J  b.X, 

1=1  1  1 

MFHBF  =  eZ 


Variable  Aircraft  Characteristic 


Coefficient 


1  Crew  Size 

2  Total  ECS  Weight 

3  Kinetic  Energy 

4  Max.  Combat  Radius 

5  Min.  Combat  Mission  Time 


-.13826 

-.51482  x  10'3 
-.79243  x  10“2 
.15 002  x  10-2 
-.10007 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
f  FOR  THE  RADIO  NAVIGATION 

(WUC  71000) 

i  , 

l 

11 

z  =  In (MFHBF)  =  1.96822  +  £  b.X. 

i=l 

MFHBF  =  eZ 


Coefficient 


b. 


Crew  Size  --  Cockpit  or  Total 

Fuselage  Volume 

Avionics  Weight  Installed 

Total  ECS  Weight 

Kinetic  Energy 

Max.  Payload 

Max.  Wing  Loading 

Max.  Service  Ceiling  —  100  FPM 

Max.  Combat  Radius 

Min.  Combat  Mission  Time 

Max.  Speed  --  Mach  No. 


.27154 

-.67026  x  10"J 

.55439  x  10"4 

.13373  x  10'3 
-3 

-.90908  x  10 
.54097  x  10“4 
.16847  x  10_1 
.11970  x  10-4 
-.38094  x  10-3 
-.43786  x  10'1 
.23238 


36 


TA8LE  2-1  (Cont.) 

FIXEO  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  RADAR  NAVIGATION 

(WUC  72000) 


Z  =  In(MFHBF)  =  4.93762  + 


9 

A 


Vi 


MFHBF  =  eZ 


Variable  Aircraft  Characteristic 


Coefficient 


1 

2 

3 

4 

5 

6 

7 

8 

9 


Crew  Size  --  Cockpit  or  Total 

Avionics  Weight  Installed 

Total  ECS  Weight 

Max.  Wing  Loading 

Max.  Service  Ceiling  --  100  FPM 

Max.  Combat  Radius 

Type  A  or  B 

(Avionics  Weight  Installed)  x 
(Type  A  or  B) 

(Max.  Wing  Loading)  x 
(Type  A  or  B) 


-.47311 

-.17587  x  10"3 
.24890  x  10"2 
-.11628  x  10'1 
.36808  x  10‘4 
-.13641  x  10'2 
-1.94966 
-.14608  x  10“3 

.14050  x  10'1 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  BOMBING  NAVIGATION 

(WUC  73000) 


10 

Z  =  ln(MFHBF)  =  2.94200  +  £  b-X. 

1  =  1 

MFHBF  =  eZ 


Variable  Aircraft  Characteristic 


Coefficient 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 


Crew  Size  --  Cockpit  or  Total 

Fuselage  Volume 

Avionics  Weight  Installed 

Total  ECS  Weight 

Kinetic  Energy 

Max.  Payload 

Max.  Wing  Loading 

Max.  Service  Ceiling  --  100  FPM 

Max.  Combat  Radius 

Min.  Combat  Mission  Time 


-.42222 

-.12459  x  10"3 
.84837  x  10'4 
.33431  x  10"3 
.69233  x  10‘2 
-.82778  x  10'4 
-.46557  x  10'1 
.13612  x  10‘3 
-.13005  x  10"2 
.74790  x  20"1 


38 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  WEAPONS  CONTROL 

(WUC  74000) 


9 

Z  =  In(MFHBF)  -  12.23948  +  £  b.X. 

1  =  1  1  1 

MFHBF  =  eZ 


Variable 

1 

1 

2 

3 

4 

5 

6 

7 

8 
9 


Aircraft  Characteristic 


Coefficient 

b. 


Max.  No.  of  External  Armament  Stores 
No.  of  Guns 

Avionics  Weight  Installed 

Total  Generator  Electrical  Power 

Total  ECS  Weight 

Max.  Payload 

Max.  Combat  Radius 

Min.  Combat  Mission  Time 

Max.  Speed  --  Mach  No. 


-.90434  x  10' 
-1.51854 
-.10195  x  10' 
-.72135  x  10' 
.30741  x  10' 
-.26720  x  10' 
.38138  x  10' 
.11427 
-3.36561 


39 


TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  WEAPON  DELIVERY 

(WUC  75000) 


9 

Z  =  In(MFHBF)  =  6.82558  +  £  b-X. 

i=1  1  1 

MFHBF  =  eZ 


Aircraft  Characteristic 

Crew  Size  --  Cockpit  or  Total 

Max.  No.  of  External  Armament  Stores 

No.  of  External  Stores  Stations 

Avionics  Weight  Installed 

Total  Generator  Electrical  Power 

Empty  Weight 

Max.  Wing  Loading 

Min.  Combat  Mission  Time 

Max.  Speed  --  Mach  No. 


Coefficient 


.82495  x  10"' 
-.22067  x  10_1 
-.44025  x  10_1 
.17542  x  10'3 
-.25332  x  10"2 
.88392  x  10“5 
-.26834  x  10_1 
-.52980  x  10_1 
-.85694  x  10"1 


! 


t 

I 


I 

s 

TABLE  2-1  (Cont.) 

*j'  FIXED  WING  AIRCRAFT 

BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  ELECTRONIC  COUNTERMEASURES 

;  .  (WUC  76000) 


8 

Z  =  In(MFHBF)  =  3.22679  +  7  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

1 

i 

X. 

b. 

J 

l 

1 

1 

1 

Fuselage  Volume 

.44785  x  10“4 

1 

2 

Avionics  Weight  Installed 

-.27345  x  10'3 

1 

3 

Total  Generator  Electrical  Power 

-.40632  x  10'2 

1 

4 

Max.  Payload 

-.29996  x  10"4 
.30274  x  10"1 

i 

5 

Max.  Wing  Loading 

I . 

6 

Max.  Combat  Radius 

-.11349  x  10"2 

\ 

t 

7 

Max.  Speed  --  Mach  No. 

-.60579 

j  f  * 

}  i 

8 

EW  Indicator 

-2.48563 

;  * 

■  > 

) 

r 
\ . 

.  i.J 
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V  ^  V 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  PHOTOGRAPHIC/RECONNAISSANCE 

(WUC  77000) 


I 

Z  =  ln(MFHBF)  =  2.28986  +  I  b.X. 

i=l  11 


MFHBF  =  e 


Variable 


Aircraft  Characteristic 


Coefficient 


Avionics  Weight  Installed 


.54610  x  10' 
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TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  EMERGENCY  EQUIPMENT 

(WUC  91000) 


9 

Z  =  In (MFHBF)  =  5.77479  +  l  b.X, 

1=1  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Crew  Size  --  Cockpit  or  Total 

-.31947  x  10 

2 

Pressurized  Fuselage  Volume 

-.33393  x  10 

3 

Empty  Weight 

-.20307  x  10 

4 

Max.  Rate  of  Climb  at  Sea  Level 

.12073  x  10 

5 

Max,  Service  Ceiling  --  100  FPM 

.11927  x  10 

6 

Max.  Combat  Radius 

-.95879  x  10 

7 

Min.  Combat  Mission  Time 

-.97573  x  10 

8 

Max.  Combat  Mission  Time 

.85882  x  10 

9 

Max.  Speed  --  Mach  No. 

-.55316 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  DECELERATION  EQUIPMENT 

(WUC  93000) 


3 

Z  =  ln(MFHBF)  =  9.54032  +  l  b,X- 

i=l  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Kinetic  Energy 

.96141  x  10'2 

A 

2 

Empty  Weight 

-.31140  x  10'4 
-.50955  x  10" 1 

3 

Max.  Wing  Loading 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  PERSONNEL  EQUIPMENT 

(WUC  96000) 


7 

Z  =  ln(MFHBF)  =  8.39522  +  j  b.X1 
MFHBF  =  eZ 


Variable  Aircraft  Characteristics  Coefficient 


i 

Xi 

b. 

i 

1 

i 

Crew  Size  --  Cockpit  or  Total 

.12554 

2 

Fuselage  Volume 

-.81776 

X 

10 

3 

Pressurized  Fuselage  Volume 

-.80969 

X 

10 

4 

Kinetic  Energy 

.10085 

X 

10 

5 

Max.  Payload 

.16853 

X 

10 

6 

Max.  Service  Ceiling  --  100  FPM 

-.58403 

X 

10 

7 

Max.  Combat  Radius 

-.45104 

X 

10 

TABLE  2-1  (Cont.) 

FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  EXPLOSIVE  DEVICES 

(WUC  97000) 


8 

Z  =  ln(MFHBF)  =  9.07624  +  l  b.X. 

i=l 

MFHBF  =  eZ 


Variable 

1 

1 

2 

3 

4 

5 

6 

7 

8 


Aircraft  Characteristic 


Coefficient 


Crew  Size  --  Cockpit  or  Total 
Max.  No.  of  External  Armament  Stores 
No.  of  External  Stores  Stations 
Total  Aircraft  Thrust  --  Military 
Afterburner  Indicator 
Max.  Wing  Loading 
Max.  Combat  Radius 
Max.  Speed  --  Mach  No. 


-.43738  x  10' 
.30074  x  10' 
-.54453  x  10" 
-.33834  x  10' 
-.25673 
-.27650  x  10" 
-.32029  x  10" 
-.82839  x  10' 
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t 


?  r%mtra  u 


instead  of  the  two-digit  WUC  subsystem  if  an  aircraft  has  more  than  one 
engine.  To  determine  the  predicted  baseline  MFHBF  for  the  engine  WUC 

subsystem,  the  predicted  per  engine  baseline  MFHBF  must  be  divided  by  the 
number  of  engines  of  the  notional  aircraft  under  study. 

Table  2-2  summarizes  which  variables  of  the  Design/Performance  Data  Base 
for  fixed  wing  aircraft  appear  in  the  equations  of  the  Fixed  Wing  Aircraft 
Prediction  Model.  Some  aircraft  parameters  appear  in  more  than  one  of  the 
equations.  Other  parameters  of  the  Design/Performance  Data  Base  were  hot 

chosen  as  final  predictor  variables  for  any  of  the  two-digit  WUC  subsystems. 

Table  2-3  lists  the  statistics  associated  with  each  of  the  fixed  wing 
aircraft  prediction  equations.  These  statistics  are  associated  with  the 

regression  techniques  used  to  derive  the  equations  and  overall  fit  of  each 
equation  to  the  historical  MFHBF  for  the  WUC.  For  each  equation,  the 

associated  ridge  regression  parameter  ( k ) ,  the  coefficient  of  determination 
(R  ),  for  both  the  least  squares  solution  and  ridge  solution,  and  the 
estimated  value  for  the  standard  deviation  of  the  corresponding  predicted 
value  (a)  are  shown.  The  significance  of  these  values  is  discussed  in  detail 
in  Sections  5.2  and  5.6. 

These  statistics  apply  to  equations  of  the  form 


Y  =  bQ  +  b]X]  +....+  bpXp  •  (2.4) 

where  Y  =  MFHBF  or  Y  =  In(MFHBF),  as  appropriate.  For  baseline  MFHBF 
prediction  equations  in  the  form  of  Equation  (2.3),  it  should  be  remembered 
that  the  equation  was  derived  using  the  form  of  Equation  (2.2).  So,  for  these 
equations,  the  estimated  standard  deviation,  a,  for  example,  is  the  estimated 
standard  deviation  of  the  ln(MFHBF),  not  of  the  MFHBF. 

Ridge  regression  was  used  to  derive  most  of  the  coefficients  of  the 
baseline  MFHBF  prediction  equations.  Associated  with  each  ridge  solution  is 
the  ridge  parameter,  k.  The  k-values  chosen  for  many  equations  were  larger 
than  the.k-valuss  required  to  merely  stabilize  the  coefficients  of  the 
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TABLE  2-2  (Cont.).  DESIGN/PERFORMANCE  DATA  BASE  PARAMETERS  USED  IN 
BASELINE  MFHBF  PREDICTION  EQUATIONS  FOR  FIXED  WING  AIRCRAFT 
—  WUC  61000  THROUGH  WUC  97000 


TABLE  2-3.  FIXED  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION  STATISTICS 


WUC 


OOOOO 

11000. 

12000 

13000 

14000 

20000 

22000 

23000 

24000 

27000 

29000 

41000 

42000 

44000 

45000 

46000 

47000 

49000 

51000 

56000 

57000 

61000 

62000 

63000 

64000 

65000 

66000 

67000 

69000 

71000 

72000 

73000 

74000 

75000 

76000 

77000 

91000 

93000 

96000 

97000 


k 

Least  Squares 

Ridge 

0 

.0115 

.920 

.917 

.12402 

.0269 

.762 

.735 

.30223 

.0815 

.735 

.712 

.39860 

.0145 

.739 

.711 

.21703 

.  1474 

.650 

.608 

.30738 

.0352 

.812 

.785 

7.74773 

.2115 

.791 

.724 

18.68443 

.0467 

.725 

.667 

7.92994 

.0125 

.991 

.987 

.04648 

.0000 

.993 

.993 

2.39502 

.0200 

.743 

.667 

.38825 

.0462 

.697 

.664 

.42386 

.0983 

.473 

.419 

.51582 

.0000 

.668 

.668 

.23914 

.0353 

.823 

.801 

.31774 

.0510 

.643 

.607 

.42948 

.0125 

.839 

.802 

.28290 

.0274 

.895 

.887 

.26560 

.0457 

.617 

.563 

.37214 

.0778 

.672 

.633 

.66588 

.1232 

.604 

.548 

-.50988 

.0150 

.946 

.864 

.33922 

.0433 

.820 

.673 

2.66338 

.0467 

.549 

.493 

.46749 

.1259 

.436 

.389 

.93979 

.1795 

.369 

.324 

.50729 

.0175 

.791 

.718 

.46989 

.0194 

.667 

.616 

1.37011 

.0694 

.760 

.675 

.82418 

.1482 

.565 

.491 

.92141 

.0103 

.680 

.644 

.86709 

.1099 

.685 

.606 

1.04451 

.0141 

.877 

.845 

1.00002 

.  1454 

.704 

.649 

.54727 

.0232 

.929 

.917 

.49293 

.0000 

.665 

.665 

.72942 

.1585 

.717 

.691 

.49039 

.0000 

.952 

.952 

.16263 

.0548 

.856 

.835 

.59665 

.1724 

.596 

.563 

.61370 

60 


equation  when  extrapolation  of  an  aircraft's  design/perrormance  parameters 

may  be  required  for  prediction  of  notional  aircraft  baseline  MFHBF.  Thus,  the 

associated  rioge  k  's  are  reduced  accordingly.  To  more  properly  measure  the 

2 

prediction  equations'  fit  to  the  data,  the  R  of  the  least  squares  version 
of  the  prediction  equation  is  also  shown.  Since  a  ridge  solution  with  a 
k-value  equal  to  zero  is  the  least  squares  solution,  when  the  least  squares 
coefficients  have  been  used,  the  value  of  k  is  zero  and  both  R  's  are  equal 
(see  Section  5.6  for  details). 

Table  2-4  shows  the  aircraft,  as  identified  by  their  primary  mission 
variants,  used  in  the  development  of  each  prediction  equation.  While,  in 
general,  all  applicable  carrier-based  aircraft  were  used,  the  use  of  the 
land-based  aircraft  was  restricted  to  those  WUC's  where  data  from  only  a  few 
aircraft  was  available  to  derive  an  equation.  For  WUC  62000  and  WUC  73000, 
only  historical  fighter,  attack,  reconnaissance,  and  electronic  warfare 
aircraft  were  used  to  develop  the  prediction  equation.  These  aircraft  formed 
a  more  homogeneous  group  than  the  group  of  all  fixed  wing  aircraft,  thereby 
permitting  the  development  of  a  better  prediction  equation  for  these  WUC's. 
In  tne  case  of  WUC  77000,  only  reconnaissance  aircraft  were  used  to  develop 
the  preoiction  equation.  As  this  WUC  has  little  impact  on  the  overall 
reliability  of  other  types  of  aircraft  (i.e.,  few  failures  are  reported 
against  this  WUC  relative  to  the  total  number  of  flight  hours  of  the 
aircraft),  the  inclusion  of  the  remaining  aircraft  distorted  the  predicted 
baseline  MFHBF  of  the  reconnaissance  aircraft.  The  KC-130R  was  omitted  from 
the  data  base  in  developing  an  equation  for  WUC  22000.  The  unexplainably 
large  value  for  the  MFH8F  made  development  of  a  good  prediction  equation 
oifficult.  With  only  eight  aircraft  available  for  deriving  the  equation  for 
wl'C  22000,  this  single  value  dominated  the  development  of  a  baseline  MFHBF 
prediction  equation. 


2.3  Rotary  wing  Aircraft  MFHBF  Prediction  Model.  Thirty-five  baseline 
MFhBF  preoiction  equations  form  the  Baseline  Reliability  Prediction  Model  for 
rotary  wing  aircraft.  These  equations  presented  in  Table  2-5,  include  34 
equations  which  permit  prediction  of  baseline  MFHBF  of  two-digit  WUC 
subsystems.  The  remaining  equation,  denoted  by  WUC  00000  and  developed  for 
.'udel  validation,  pernus  prediction  of  the  overall  baseline  MFHBF  of  rotary 
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wing  aircraft.  For  WUC  22000  (Turboshaft  Engines)  and  WUC  29000  (Power  Plant 
Installation),  the  associated  equation  predicts  the  MFHBF  on  a  per  engine 
basis.  To  predict  the  baseline  MFHBF  at  the  two-digit  WUC  subsystem  level, 
the  predicted  baseline  MFHBF  derived  from  the  equation  must  be  divided  by  the 
number  of  engines  for  the  notional  aircraft  under  consideration. 

Rotary  wing  aircraft  design/performance  parameters  requiring  a  definition 
or  explanation  to  ii  terpret  the  prediction  equations  include: 

o  Max.  Take-Off  or  Landing  Weight: 

the  data  available  for  data  base  development  consistently  showed 
the  two  parameters  to  be  equal  in  value.  If  a  situation 
develops  where  the  values  are  different,  the  recommended 
approach  is  to  use  the  larger  value. 

o  No.  of  External  Launch  Points: 

the  number  of  external  attachment  points  for  munitions  with  the 
exception  of  flares. 

o  MA  Indicator: 

a  binary  indicator  parameter  whose  value  is  "1"  if  the  notional 
aircraft's  primary  mission  is  marine  assault  and  is  "0"  if  the 
aircraft's  primary  mission  is  not  marine  assault. 

o  Tai 1  Pylon  Fold: 

a  binary  indicator  parameter  whose  value  is  "1"  if  the  notional 
aircraft  has  a  tail  pylon  fold  and  "0"  if  the  aircraft  does  not 
have  a  folding  tail. 

o  Total  Aircraft  SHP  --  Mil.  or  Int.  Power: 

the  product  of  the  number  of  propulsion  engines  and  the  Military 
or  Intermediate  shaft  horsepower. 

o  Main  Rotor  Disc  Area  (Sweep): 

the  area  swept  by  one  revolution  of  the  main  rotor  blades. 

Definitions  and  explanations  for  specific  rotary  wing  aircraft 
design/performance  parameters  are  provided  in  Table  A-7  of  Appendix  A  and  all 
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TABLE  2-5 

OVERALL  ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 


(WUC  OOOOO) 


5 

MFHBF  =  1.04937  +  l  b.X. 

1  =  1  1 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Max.  Take-Off  or  Landing  Weight 

-.32053  x  10 

2 

No.  of  External  Launch  Points 

.  13466  x  10 

3 

Total  Fuel  Capacity 

**  .61999  x  10 

4 

No.  of  Internal  Tanks 

-.50664  x  10 

5 

MA  Indicator 

.49387  x  10 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  AIRFRAME 

(WUC  11000) 


6 

MFHBF  =  4.72218  +  T  b-X. 

1=1  1  1 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Aircraft  Length  --  Operating 

-.50565  x  10' 

2 

Wheelbase 

-.38548  x  10' 

3 

Total  Aircraft  SHP  --  Mil.  Power 

to  Max.  Take-Off  Weight 

-47.96398 

4 

Main  Rotor  Disc  Area 

-.40014  x  10 

5 

Total  Fuel  Capacity 

.21651  x  10 

6 

Max.  Speed  at  Sea  Level 

.97494  x  10 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FUSELAGE  COMPARTMENTS 

(WUC  12000) 


6 

Z  =  In(MFHBF)  =  3.94821  +  [  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable 

1 

1 

2 

3 

4 

5 

6 


Aircraft  Characteristic 


Coefficient 


Fuselage  Length  --  Folded 
Total  Aircraft  SUP  --  Mil.  Power 
to  Max.  Take-Off  Weight 
Total  ECS  Weight 
No.  of  Internal  Tanks 
Max.  Speed  at  Sea  Level 
Max.  Combat  Radius 


-.22440  x  10 
-1.11013 


-.82732  x  10 
.46984  x  10 
-.24387  x  10 
.10349  x  10 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  LANDING  GEAR 

(WUC  13000) 


5 

Z  =  ln(MFHBF)  =  3.21700  +  £  b^ 

i=l 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Fuselage  Length  --  Folded 

-.20672  x  10' 

2 

Fuselage  Depth  --  Folded 

-.23710 

3 

Aircraft  Height  --  Operating 

.43456  x  10' 

4 

Wheelbase 

.52188  x  10' 

5 

Main  Gear  Tread 

.21140  x  10' 
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Variable 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FLIGHT  CONTROLS 

(WUC  14000) 


4 

Z  =  ln(MFHBF)  =  1.28639  +  l 

i=l 


bix 


i 


MFHBF  =  eZ 


Aircraft  Characteristic 


Coefficient 


No.  nf  Main  Rotor  Blades 
No.  of  Tail  Rotor  Blades 
Tail  Pylon  Fold 
Max.  Disc  Loading 


-.32187 

.85119 

-.20644 

-.22336  x  10"1 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  HELICOPTER  ROTOR  SYSTEM 

(WUC  15000) 


5 

Z  =  ln(MFHBF)  =  .62628  +  l  b.X. 

i=l 

MFHBF  =  eZ 


Aircraft  Characteristic 


Coefficient 


Main  Rotor  Gear  Ratio 
Main  Rotor  Transmission 
Limi t  --  SHP 
Main  Rotor  Transmission 
Limit  --  RPM 
Blade  Loading 
Max.  Disc  Loading 


3.00931 

-.82526  x  10'4 

-.17652  x  10"4 

18.09090 

.61583  x  10'1 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOP.  THE  TURBOSHAFT  ENGINES 

(WUC  22000) 


MFHBF  (Per  Engine)  =  -  430.03961 


4 

+  l  b.X 
i=l  1  1 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Empty  Weight 

.32996  x  10 

2 

Military  SHP  per  Engine 

-.38649  x  10 

3 

Turbine  Inlet  Temperature 

.22618 

4 

Max.  Speed  at  Sea  Level 

.61042 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  AUXILIARY  POWER  PLANT  AIRBORNE 

(WUC  24000) 


MFHBF  =  87.42285 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Max.  Take-Off  or  Landing  Weight 

-.40076  x  10"3 

2 

Crew  Size  --  Total 

-4.66619 

3 

Rotor  Weight 

-.14751  x  10“2 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  HELICOPTER  ROTARY  WING 

( WUC  26000} 


4 

Z  =  In(MFHBF)  =  3.03532  +  J  b^. 
MFHBF  =  eZ 


Aircraft  Characteristic 


Coefficient 


Total  Aircraft  SHP  --  Mil.  or 
Int.  Power 

Main  Rotor  Gear  Ratio 
Main  Rotor  Transmission 
Limit  --  SHP 

Power  Transmission  Weight 
(Without  Rotor) 


-.25548  x  10 

2.13442 
.21675  x  10 

-.10116  x  10 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  POWER  PLANT  INSTALLATION 

(WUC  29000) 


Z  =  In (MFHBF)  (Per  Engine)  =  6.27446  + 


i  =  l 


biXi 


MFHBF  (Per  Engine)  =  eX 


Variable  Aircraft  Characteristic  Coefficient 


1  Max.  Take-Off  or  Landing  Weight  -.29660  x  10 

2  Military  SHP  per  Engine  -.11189  x  10  ^ 

3  Engine  Weight  Installed  Per  Engine  .14360  x  10  ^ 

4  Mil.  SHP  per  Eng.  to  Eng.  Weight  .12327  x  10 

Inst.  Per  Engine 

Max.  Speed  at  Altitude  -.17184  x  10  ^ 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  AIR  CONDITIONING/PRESSURIZATION/ICE  CONTROL 

(WUC  41000) 


4 

Z  =  In(MFHBF)  =  7.68804  +  J  t^X. 
MFHBF  =  eZ 


Variable 


1 

2 

3 

4 


Aircraft  Characteristic 


Coefficient 


Empty  Weignt 

Total  Generator  Electrical  Power 

Max.  Disc  Loading 

Max.  Speed  at  Sea  Level 


.14056  x  10' 
-.26245  x  10' 
.69758  x  10' 
-.23598  x  10" 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  ELECTRICAL  POWER  SYSTEM 

(WUC  42000) 


Z  =  ln(MFHBF)  =  3.09712 


6 

+  l 
1  =  1 


biXi 


MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Crew  Size  --  Total 

.37854  x  10 

2 

No.  of  Main  Rotor  Blades 

-.12872 

3 

Main  Rotor  Blade  Area  (Total) 

.85274  x  10 

4 

Avionics  Weight  Installed 

.11380  x  10 

5 

Total  Fuel  Capacity 

-.15094  x  10 

6 

Max.  Combat  Range 

-.31860  x  10 

TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  HYDRAULIC  AND  PNEUMATIC  POWER  SYSTEM 

(WUC  45000) 


5 

MFHBF  =  -1.11821  +  ?  b.X. 

i=l  1  1 


Variable 

i 


Aircraft  Characteristic 


Coefficient 


1  No.  of  Main  Rotor  Blades 

2  Total  Aircraft  SHP  --  Mil.  or 

Int.  Power 

3  Main  Rotor  Disc  Area 

4  Max.  Disc  Loading 

5  Vertical  Rate  of  Climb 

at  Sea  Level  --  Mil. 


16.62264 
.30987  x  10' 


-.30294  x  10' 
2.35658 
.12637  x  10 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FUEL  SYSTEM 

(WUC  46000) 


6 

Z  =  In(MFHBF)  =  5.03895  +  j  b.X. 
MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Total  Aircraft  SHP  --  Mil.  or 

.68473  x  10"4 

Int.  Power 

2 

Fuel  Capacity  Internal 

.16017  x  10'° 
n 

3 

Total  Fuel  Capacity 

-.13038  x  1C 

4 

No.  of  Internal  Tanks 

-.51304 

b 

No.  of  Auxiliary  Tanks 

-.18282 

-.21847  x  10"2 

b 

Max.  Combat  Radius 

f 


TA8LE  2-5  (Cont.) 

ROTARY  WING.  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  MISCELLANEOUS  UTILITIES 

(WUC  49000) 


5 

Z  =  In(MFHBF)  =  4.50598  +  1  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Crew  Size  --  Total 

-.17640 

2 

Fuselage  Length  --  Folded 

-.16904 

3 

Aircraft  Height  --  Operating 

.45926 

4 

No.  of  External  Launch  Points 

-.15755 

5 

Max.  Speed  at  Sea  Level 

.47586  x  10' 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  INSTRUMENTS 

(WUC  51000) 


4 

Z  =  In (MFHBF)  =  1.67311  +  £  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Variable  Aircraft  Characteristic  Coefficient 

"i"  xi 

1  Crew  Size  --  Total 

2  No.  of  Main  Rotor  Blades 

3  Max.  Service  Ceiling 

4  Max.  Combat  Radius 


.15689 
.94185  x  10 
.13403  x  10 
.10855  x  10 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  TELEMETRY 

(WUC  54000) 


Z  =  ln(MFHBF)  =  2.68914  +  l  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Variable 


Aircraft  Characteristic 


Coefficient 


Max.  Speed  at  Sea  Level 
Max.  Combat  Range 


.71582  x  10' 
.41961  x  10' 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  FLIGHT  REFERENCE 

(WUC  56000) 


5 

Z  =  In(MFHBF)  =  9.16181  +  l  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Total  Aircraft  SHP  --  Mil.  Power 

to  Max.  Take-Off  Weight 

10.97685 

2 

Avionics  Weight  Installed 

-.22701  x  10' 

3 

Total  ECS  Weight 

.18198  x  10‘ 

4 

Max.  Disc  Loading 

-.78750  x  10' 

5 

Max.  Speed  at  Sea  Level 

-.40337  x  10' 

TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  INTEGRATED  GUIDANCE/FLIGHT  CONTROL 

(WUC  57000) 


5 

Z  =  In (MFHBF)  =  7.46684  +  £  b.X. 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

No.  of  Main  Rotor  Blades 

.13636 

2 

Blade  Loading 

-45.47485 

3 

Main  Rotor  Disc  Area  (Sweep) 

-.31591  x  10' 

4 

Max.  Rate  of  Climb  --  Normal 

-.27933  x  10 

5 

Max.  Combat  Radius 

-.92787  x  10 
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TA8LE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  HF  COMMUNICATIONS  SYSTEM 

(WUC  61000) 


4 

Z  =  In (MFHBF)  =  8.90284  +  I  b.X. 

i=l  1  1 

MFHBF  =  eZ 


Variable 


Aircraft  Characteristic 


Coefficient 


i 


Max.  Take-Off  or  Landing  Weight 
Total  ECS  Weight 
Max.  Speed  at  Sea  Level 
MA  Indicator 


-.45586  x  10' 
.59804  x  10' 
-.29407  x  10' 
-.27474 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  VHF  COMMUNICATIONS 

(WUC  62000) 


3 

Z  =  ln(MFHBF)  =  2.92816  +  [ 

i=l 


V 


MFHBF  =  eZ 


Variable 

i 


Aircraft  Characteristic 


1  Crew  Size  --  Total 

2  Avionics  Weight  Installed 

3  Vertical  Rate  of  Climb 

at  Sea  Level  --  Military 


Coefficient 


.99771 

-.13513  x  10 
-.54807  x  10 
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TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  UHF  COMMUNICATIONS 

(WUC  63000) 


2  =  In(MFHBF)  =  2.74886 
MFHBF  =  eZ 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFI 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  INTERPHONE  SYSTEM 

(WUC  64000) 


5 

Z  =  In (MFHBF)  =  1.61013  +  £  b.X. 

1=1  1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Crew  Size  --  Total 

.10950 

2 

Total  ECS  Weight 

-.68720  x  10 

.3 

Total  Generator  Electrical  Power 

.32186  x  10 

4 

Max.  Speed  at  Sea  Level 

.12639  x  10 

5 

Max.  Combat  Radius 

-.24535  x  10 

TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  IFF  SYSTEMS 

(WUC  65000) 


5 

MFHBF  =  52.41107  +  J  b.X. 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Crew  Size  --  Total 

50.67168 

2 

Max.  Disc  Loading 

-8.29714. 

3 

Max.  Service  Ceiling 

-.20284  x  10 

4 

Max.  Speed  at  Sea  Level 

1.95050 

5 

Max.  Combat  Radius 

-.20425 

TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  CNI  INTEGRATED  PACKAGE 

(WUC  67000) 


5 

Z  =  ln(MFHBF)  =  8.34850  +  j  b.X 

1  =  1  1 

MFHBF  =  eZ 


Aircraft  Characteristic 


Crew  Size  --  Total 
Avionics  Weight  Installed 
Max.  Disc  Loading 
Vertical  Rate  of  Climb 
at  Sea  Level  --  Mil. 
Max.  Speed  at  Sea  Level 


Coefficient 


-.25907 
-.70483  x  10 
-.23091  x  10 
-.76878  x  10 


-.63480  x  10 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  RADIO  NAVIGATION 

(WUC  71000) 


5 

Z  =  In (MFHBF)  =  1.62556  +  £  b.X. 

1=1  1 

MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xi 

bi 

1 

Max.  Take-Off  or  Landing  Weight 

-.45196  x  10" 

2 

Crew  Size  --  Total 

.22517 

3 

Total  ECS  Weight 

.49959  x  10" 

4 

Max.  Disc  Loading 

.12123 

5 

Max.  Service  Ceiling 

.69230  x  10" 

TA8LE  2-5  (Cont.) 

.  ROTARY  WING  AIRCRAFT 
BASELINE  MFH8F  PREDICTION  EQUATION 
FOR  THE  RADAR  NAVIGATION 

(WUC  72000) 


5 

MFHBF  *  -98.68611  +  I  biXi 


Coefficient 

bi 

-.95457  x  10'4 
.22789 
1.87081 

-.52850  x  10~3 
.77013 


Aircraft  Characteristic 
Xi 

Max.  Take-Off  or  Landing  Weight 
Total  ECS  Weight 
Max.  Disc  Loading 
Max.  Service  Ceiling 
Max.  Speed  at  Sea  Level 


/ 


l  l 


Variable 

1 

1 

2 
3 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  BOMBING  NAVIGATION 

(WUC  73000) 


2  =  ln(MFHBF)  =  6.10894  +  f  b.X. 

iSl  1  1 

MFHBF  =  eZ 


Aircraft  Characteristic 

xi 


Crew  Size  --  Total 
Avionics  Weight  Installed 
Max.  Disc  Loading 


Coefficient 

bi 


-.23964 
-.78977  x  10‘ 
-.21050 


1  4 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  WEAPONS  CONTROL 

(WUC  74000) 


3 

Z  =  ln(MFHBF)  =  7.63492  +  ^  b.X. 

MFHBF  =  eL 


Aircraft  Characteristic 


Coefficient 


-29.34114 
-.17852  x  10" 
-.88480  x  10" 


Blade  Loading 

Avionics  Weight  Installed 

Max.  Disc  Loading 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  WEAPON  DELIVERY 

(WUC  75000) 


4 

Z  =  In(MFHBF)  =  5.99483  +  J  b.Xj 
MFHBF  =  eZ 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

xt 

bi  - 

1 

Crew  Size  --  Total 

-.43164 

2 

No.  of  External  Launch  Points 

-.85810  x  10 

3 

Total  Generator  Electrical  Power 

.73377  x  10 

4 

Max.  Disc  Loading 

-.34748 

TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  ELECTRONIC  COUNTERMEASURES 

(WUC  76000) 


2 

MFH8F  =  5976.50453  +  l  b.X, 

i=l  1  1 


Aircraft  Characteristic 


Coefficient 


Total  ECS  Weight 
Max.  Disc* Loading 


6.61701 

-723.53388 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  EMERGENCY  EQUIPMENT 

(WUC  91000} 


5 

MFHBF  =  192.03016  +  l  b-X. 

1=1  1  1 


Variable 

Aircraft  Characteristic 

Coefficient 

i 

Xi 

bi 

1 

Blade  Loading 

-2913.69414 

2 

Max.  Disc  Loading 

14.54656 

3 

Vertical  Rate  of  Climb 

at  Sea  Level  --  Mil. 

.20030 

4 

Max.  Service  Ceiling 

.23566  xlO" 

5 

Max.  Combat  Radius 

-.60810 

TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
'  BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  PERSONNEL  EQUIPMENT 

(WUC  96000) 


2 

Z  =  In(MFHBF)  =  4.26874  +  £  b.X. 

1=1  1 

MFH8F  =  eZ 


Variable  Aircraft  Characteristic 


1  Max.  Take-Off  or  Landing  Weight 

2  Max.  Combat  Radius 


Coefficient 


.27301  x  10 
.10559  x  10 


99 


TABLE  2-5  (Cont.) 

ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION 
FOR  THE  EXPLOSIVE  DEVICES 

(WUC  97000) 


4 

Z  =  In (MFHBF)  =  8.26801  +  ^ 

MFHBF  =  eZ 


Variable  Aircraft  Characteristic 

Xi 

\  No.  of  External  Launch  Points 

2  Blade  Loading 

3  Max.  Speed  at  Sea  Level 

4  Max.  Combat  Radius 


Coefficient 


.69047  x  10 
86.19068 
-.52060  x  10' 
-.34906  x  10 


dos i gn/perf ormance  parameters  with  their  units  are  given  in  Table  A-9. 


Table  2-6  presents  a  summary  of  which  variables,  of  the  Design/Performance 
Data  Base  for  rotary  wing  aircraft,  appear  in  the  prediction  equations  of  the 
notary  Wing  Aircraft  Prediction  Model.  Certain  design/performance  parameters 
wore  chosen  as  final  predictor  variables  for  more  than  one  of  the  two-digit 
WUC  prediction  equations.  Other  aircraft  characteristics  were  used  in  the 
initial  development  of  the  equation,  but  were  not  included  as  final  predictor 
variables  in  any  baseline  MFHBF  prediction  equations. 

Various  statistics  associated  with  the  regression  analysis,  from  which  the 

prediction  equation  were  derived,  are  presented  in  Table  2-7.  The  ridge 

2 

regression  parameter  (k),  the  coefficient  of  determination  (R  ),  for  both 
the  least  squares  solution  and  the  ridge  solution,  and  the  estimated  value  for 
the  standard  deviation  of  the  corresponding  predicted  value  (a)  are  given  for 
each  equation'  of  the  model.  The  significance  of  these  statistics  and  the 
interpretation  of  the  values  are  given  in  Section  5. 

The  statistics  shown  in  Table  2-7  apply  to  the  form  of  the  prediction 
equations  given  in  Equations  (2.1)  and  (2.2).  While  Equation  (2.3)  is  used  to 
solve  for  the  predicted  baseline  MFHBF  in  most  cases.  Equation  (2.2)  was  the 
mathematical  expression  derived  through  regression  analysis.  Thus,  the 
statistics  are  associated  with  the  appropriate  linear  and  natural  log  forms. 

For  most  of  the  baseline  MFH8F  prediction  equations,  ridge  regression  was 

used  to  determine  the  values  of  the  coefficients.  Corresponding  to  each  ridge 

solution  is  a  value  for  the  ridge  parameter,  k.  In  many  cases,  a  relatively 

large  value  of  k  was  chosen  to  gain  additional  stability  in  the  coefficients. 

2 

Since  the  oversizing  of  k  also  results  in  an  artificially  low  value  of  R 

o 

tor  the  ridge  solution,  the  R  of  the  least  squares  solution  is  also 
presented.  The  least  squares  coefficient  of  determination  is  a  better  measure 
,«f  the  equation's  fit  to  the  data. 

Table  2-8  indicates  the  aircraft,  as  identified  by  their  primary  mission 
"iant,  which  were  used  to  develop  each  rotary  wing  prediction  equation.  As 
.  y  eleven  rotary  wing  aircraft  were  selected  for  use  in  deriving  the  model, 
’  aircraft,  for  which  three  or  more  quarters  of  historical  MFHBF  data  were 
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11000 

12000 

13000 

14000 

15000 

22000 

24000 

26000 

29000 

41000 

42000 

44000 

45000 

46000 

49000 

51000 

54000 

56000 

57000 

61000 

62000 

63000 

64000 

65000 

67000 

71000 

72000 

73000 

74000 

75000 

76000 

91000 

96000 

97000 


.2031 

.0075 

.2743 

.0050 

.0175 

.0168 

.0175 

.0171 

.0175 

.0181 

.0075 

.0191 

.0969 

.0175 

.1169 

.0125 

.1818 

.0000 

.0553 

.0454 

.0264 

.0000 

.0567 

.0150 

.1465 

.4688 

.0139 

.0453 

.0000 

.0000 

.0103 

.0000 

.1889 

.0000 

.2143 


l east  Squares 

.725 

.883 

.871 

.941 

.965 

.965 

.965 

.544 

.916 

.909 

.985 

.627 

.889 

.986 

.812 

.627 

.827 

.999 

.795 

.859 

.951 

.925 

.826 

.889 

.744 

.553 

.932 

.964 

.462 

.592 

.993 

.998 

.883 

.951 

.830 


Ridge 

.670 
.853 
.845 
.883 
.953 
.961 
.873 
.514 
.771 
.899 
.983 
.554 
.873 
.950 
.778 
.443 
.813 
.999 
.752 
.831 
.948 
.925 
.810 
.808 
.687 
.414 
.927 
.961 
.462 
.692 
.992 
.998 
.  865 
.951 
.787 


.05701 

.42770 

.14836 

.12562 

.15824 

.05831 

5.92555 

9.44191 

.14758 

.15192 

.09746 

.19822 

.06557 

6.22720 

.47179 

1.05572 

.14464 

.03376 

.35021 

.19388 

.20263 

.272-71 

.17111 

.23700 

57.15566 

.43197 

.09077 

9.12977 

1.00686 

.16535 

.20720 

101.48203 

127.37901 

.17680 

.57484 
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TABLE  2-7.  ROTARY  WING  AIRCRAFT 
BASELINE  MFHBF  PREDICTION  EQUATION  STATISTICS 
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wuc 

k 

Least  Squares 

Ridqe 

a 

OOOOO 

.0000 

.725 

.670 

.05701 

11000 

.0075 

.883 

.853 

.42770 

12000 

.2743 

.871 

.845 

.14836 

13000 

.0050 

.941 

.883 

.12562 

14000 

.0175 

.965 

.953 

.15824 

15000 

.0168 

.965 

.961 

.05831 

22000 

.0175 

.965 

.873 

5.92555 

24000 

.0171 

.544 

.514 

9.44191 

26000 

.0175 

.916 

.771 

.  14758 

29000 

.0181 

.909 

.899 

.15192 

41000 

.0175 

.985 

.977 

.11314 

42000 

.0191 

.627 

.554 

.19822 

44000 

.0969 

.889 

.873 

.06557 

45000 

.0175 

.986 

.950 

6.22720 

46000 

.1169 

.812 

.778 

.47179 

49000 

.0125 

.627 

.443 

1.05572 

51000 

.1818 

.827 

.813 

.14464 

54000 

.0000 

.999 

.999 

.03376 

56000 

.0553 

.795 

.752 

.  3502-1 

57000 

.0454 

.859 

.831 

.19388 

61000 

.0264 

.951 

.948 

.20263 

62000 

.0000 

.914 

.914 

.29067 

63000 

.0567 

.826 

.810 

.17111 

64000 

.0150 

.889 

.808 

.23700 

65000 

.1465 

.744 

.687 

57.15566 

67000 

.4688 

.558 

.414 

.43197 

71000 

.0139 

.932 

.927 

.09077 

72000 

.0453 

.964 

.961 

9.12977 

73000 

.0000 

.462 

.462 

1.00686 

74000 

.0000 

.692 

.692 

.16535 

75000 

.0103 

.993 

.992 

.20720 

76000 

.0000 

.998 

.998 

101.48203 

91000 

.1889 

.883 

.865 

127.37901 

96000 

.0000 

.951 

.951 

.17680 

97000 

.2143 

.830 

.787 

.57484 
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available,  were  used  to  develop  each  prediction  equation.  For  WUC  96000,  only 
two  aircraft  had  three  or  more  quarters  of  historical  data  available  for 
computing  a  MFHBF  value.  To  permit  the  development  of  a  prediction  equation, 
the  MFHBF  for  three  more  aircraft  were  included  in  the  MFHBF  Data  Base,  even 
though  the  historical  MFHBF  value  was  based  on  fewer  than  three  quarters  of 
data. 


3.  PREDICTION  OF  NOTIONAL  AIRCRAFT  RELIABILITY 


The  Baseline  Reliability  Prediction  Models  have  been  designed  to  allow 
reliability  predictions  of  notional  aircraft  MFHBF  early  in  the  aircraft's 
design  evolution.  The  equations  which  constitute  the  models  utilize 
design/performance  characteristics,  available  during  the  conceptual  phase, 
which  permit  aircraft  reliability  to  become  a  part  of  the  weapon  system 
effectiveness  and  trade  studies. 


3.1  Model  Application  Procedure  .  These  models  are  capable  of  providing 
baseline  MFHBF  predictions  with  a  minimum  of  constraints  in  their 
application.  Some  of  the  considerations  in  fixed  wing  and  rotary  wing 
aircraft  model  usage,  together  with  an  example,  are  presented  below. 


Use  of  either  Baseline  Reliability  Prediction  Model  consists  of 
substituting  notional  aircraft  characteristic  values  into  the  equations  to 
predict  baseline  values  of  either  the  MFHBF  or  In(MFHBF)  for  each  two-digit 
WUC  subsystem  for  which  an  equation  was  developed.  As  an  example,  the 
baseline  MFHBF  prediction  equation  for  WUC  12000  (Fuselage  Compartments)  of 
fixed  wing  aircraft  is 


9 

In(MFHBF)  =  6.26009  +  £ 

i=l 


bixi 


where  the  appropriate  cc efficients,  b^  and  corresponding  ai' craft 
characteristics,  X-,  are  as  given  in  Section  2.2.  Making  the  appropriate 
substitutions,  the  equation  becomes 

ln(MFHBF)  =  6.26009  +  ( .00031073)(Fuselage  Volume) 

-(.00039l54)(Pres.  Fuselage  Volume) 

+(.00042298) (Total  ECS  Wt.) 

-(.0030346) (Kinetic  Energy) 

-(.H206)(No.  of  Internal  Tanks) 

-( .27330) (Max.  Thrust  to  Max.  T.O.  Weight) 

-( .015924) (Min.  Combat  Mission  Time) 

-(. 16122) (Max.  Speed  --  Mach  No.) 

-( 1.98593) (Fit.  Design  Wt.  to  Max.  T.O.  Weight) 
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Suppose  there  exists  a  notional  aircraft  with  the  following  characteristic 
values: 


Aircraft  Characteristic 


Value 


Fuselage-  Volume 
Pressurized  Fuselage  Volume 
Total  ECS  Weight 
Kinetic  Energy  (x  100,000) 

No.  of  Internal  Tanks 
Max.  Thrust  to  Max.  T.O.  Weight 
Min.  Combat  Mission  Time 
Max.  Speed  --  Mach  No. 

Fit.  Oesign  Wt.  to  Max.  T.O.  Wt. 


950.00  cubic  ft. 
55.30  cubic  ft. 
274.81  lbs. 

171.028  lbs*ft2/sec2 
7.00 
0.357 
1.96  hrs. 

0.91 

0.704 


Substituting  the  values  of  the  A/C  characteristics  into  the  equation,  the 
predicted  value  for  ln(MFH8F)  is  then  computed  to  be: 


In(MFHBF)  =  6.26009  +  ( . 0003 1 073 ) ( 950 . 00) 

-(.00039154)(55.30)  +  ( .00042298) (274. 81) 

-(. 0030346)(171.028)  -  (. 1 1206) ( 7.00) 

-( .27330) ( .357)  -  ( .015924) ( 1 . 96)  -  ( . 161 22) ( . 91 ) 
-(1.98593) (.704) 

=  6.26009  +  .29519  -  .02165  +  .11624 
-.51900  -  .78442  -  .09757  -  .03121  -  .14671 
-1.39809 
=  3.67287 


Thus,  the  predicted  value  for  the  MFHBF  of  WUC  12000  (Fuselage  Compartment)  is 


or 


MFHBF  =  e 


3.67287 


MFHBF  =  39.36472 


To  apply  either  of  the  models  to  prediction  of  the  MFHBF  of  a  notional 
aircraft  requires,  as  the  first  step,  determination  of  the  values  of  the 
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aircraft  design/performance  parameters  which  occur  in  the  model.  A  suggested 
approach  is  to  construct  a  list  from  Table  A-8  or  Table  A-9  of  Appendix  A,  oi 
the  parameters  for  which  values  are  needed. 

The  models  can  be  readily  adapted  to  computer  application.  In  which  case, 
the  notional  aircraft  parameter  values  could  be  input  to  the  computer  from  the 
above  mentioned  list.  If  the  models  are  to  be  used  manually,  a  suggested 
approach  is  to  construct  a  form,  using  the  basic  format  of  Table  2-1,  so  that 
the  values  of  notional  aircraft  design/performance  parameters  can  be  recorded 
on  the  form  for  each  two-digit  WUC  subsystem  of  the  notional  aircraft.  Then 
the  necessary  calculations  can  be  made,  step  by  step,  as  shown  in  Table  3-1, 
with  the  final  step  resulting  in  the  predicted  baseline  MFHBF  for  that 

two-digit  WUC  subsystem. 

It  should  be  noted  that  the  predicted  baseline  MFHBF  for  a  given  two-digit 
WUC  subsystem  is  a  predicted  average  value  for  a  mature  aircraft.  That  is, 
the  predicted  baseline  MFHBF  is  an  estimate  of  the  average  value  for  the  MFHBF 
given  the  aircraft  characteristics  have  the  values  specified. 

In  order  to  properly  use  the  Baseline  Reliability  Prediction  Models,  the 
appropriate  value  for  the  design/performance  parameters  of  a  given  baseline 
MFHBF  prediction  equation  must  be  used.  The  values  required  are  not  always 
apparent  from  the  variable  name  alone.  Appendix  A  provides  definitions  of 
various  fixed  wing  and  rotary  wing  aircraft  characteristics  and  their  units 
and  slurld  be  referred  to  before  attempting  their  use  in  predicting  the  MFHBF 
of  notional  aircraft. 

As  mentioned  in  Section  2.2  and  2.3,  some  minor  changes  were  made  for 

WUC's  20000,  22000.  23000,  27000,  and  29000  which  affect  the  manner  in  which 

the  associated  equations  are  used  to  predict  the  baseline  MFHBF.  In  both  the 

fixed  wing  and  rotary  wing  models,  the  equations  associated  with  these 
two-digit  WUC's  are  used  to  predict  the  baseline  MFHBF  for  a  single  engine. 
To  obtain  the  baseline  MFHBF  value  for  the  two-digit  WUC  subsystem,  dividing 
by  the  appropriate  number  of  engines  of  the  notional  aircraft  is  required.  As 
the  prediction  equations  for  WUC's  20000,  22000,  23000,  and  27000  are 

expressed  in  terms  of  the  MFHBF,  the  division  by  the  number  of  engines  is 
cirect.  For  WUC  29000,  the  predicted  value  must  first  be  converted  from 
’n(M-H3F)  to  the  MFHBF  before  dividing  by  the  number  of  engines. 
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TABLE  3-1.  BASELINE  MFHBF  PREDICTION  WORKSHEET 
FUSELAGE  COMPARTMENTS 
WUC  12000 

FIXED  WING  AIRCRAFT 


Z  =  In(MFHBF)  =  6.26009  + 
MFHBF  =  eZ 


9 

A 


bixi 


Aircraft  Characteristic 

Value  of 

Coefficient 

Product 

X- 

X. 

b. 

b.X. 

i 

l  i 

Fuselage  Volume 

950.00 

.31073 

x  10'3 
x  10~3 

0.29519 

Pressurized  Fuselage  Volume 

55.30 

-.39154 

-0.02165 

Total  ECS  Weight 

274.81 

.42298 

x  10“3 

0.11624 

Kinetic  Energy 

171.028 

-.30346 

x  10"2 

-0.51900 

No.  of  Internal  Tanks 

7.00 

-.11206 

-0.78442 

Max.  Thrust  to  Max.  T.O.  Wt. 

0.357 

-.27330 

x  10"1 

-0.09757 

Min.  Combat  Mission  Time 

1.96 

-.15924 

-0.03121 

Max.  Speed  —  Mach  No. 

0.91 

-.16122 

-0.14671 

Fit.  Dsgn.  Wt.  to  Max.  T.O.  Wt. 

0.704 

-1.98593 

-1.39809 

Sum  = 

-2.58722 

Z 

=  6.26009  + 

Sum 

=  6.26009  - 

2.58722 

=  3.67287 

MFHBF 

=  eZ 

3.67287 
=  e 

=  39.36472 


The  Work  Unit  Code  Manual  assigns  23000  to  turbojet  engines  and  27000  to 
turbofan  engines.  For  this  study,  turbojet  engines  are  associated  with  WUC 
23000  and  turbofan  engines  are  associated  with  WUC  27000  though  this  does  not 
necessarily  correspond  to  the  WUC  Manuals.  This  allowed  for  development  of 
prediction  equations  by  type  of  engine. 

3.2  Implementing  Prediction  Results.  The  models  may  be  better  used  if 
their  capabilities  and  limitations  are  understood.  The  models'  derivation, 
its  significant  characteristics,  and  the  few  constraints  should  be  reviewed  by 
the  prospective  user  before  attempting  their  use  in  predicting  notional 
aircraft  baseline  MFHBF. 

Data  base  period  technology  and  reliability  practices  constrain  the 
resulting  prediction  equation  estimates  to  baseline  values.  In  the 
determination  of  the  final  notional  aircraft  reliability  values,  the  baseline 
MFHBF  must  be  adjusted  to  reflect  potential  improvements  achievable  through 
technological  advances,  the  Navy's  "New  Look",  duty  cycle  emphasis,  and 
corrective  design  features  to  eliminate  or  reduce  historical  failure  modes. 
By  incorporating  these  improvement  factors  into  the  basv'ine  MFHBF  predicted 
values,  the  "then-year"  prediction  of  the  MFHBF  for  tv.’O-digit  WUC  subsystems 
of  fixed  wing  and  rotary  wing  notional  aircraft  is  obtained. 

The  objective  of  the  Baseline  Reliability  Prediction  Models  is  to  predict 
the  overall  MFHBF  of  fixed  wing  and  rotary  wing  notional  aircraft.  Having 
derived  the  then-year  MFHBF  for  each  two-digit  WUC  of  the  aircraft,  the 
aircraft  MFHBF  is  then  calculated  by  summing  the  reciprocals  of  the  then-year 
two-digit  WUC  MFHBF  values  and  then  taking  the  reciprocal  of  the  sum.  By 
predicting  the  MFHBF  at  a  two-digit  WUC  level,  the  prediction  for  the  notional 
aircraft  MFHBF  should  be  more  responsive  to  the  overall  configuration  and  less 
sensitive  to  specific  design/performance  features  of  the  aircraft. 

The  goal  of  the  regression  analysis  performed  in  the  study  was  to  derive 
the  "best"  linear  functional  relationship  between  the  MFHBF  or  ln(MFHBF)  and 
the  aircraft  design/performance  parameters  for  each  two-digit  WUC  subsystem 


considered.  The  goal  of  the  regression  analysis  was  not  to  determine  which 
aircraft  parameters  were  the  cause  of  the  failures  at  a  two-digit  VIUC  level. 
The  appearance  of  a  parameter  in  a  baseline  MFHBF  prediction  equation  cannot 
be  interpreted  as  an  indication  of  a  "cause  and  effect"  relationship. 
Similarly,  the  sign  of  the  coefficients  for  the  variables  in  a  baseline  MFHBF 
prediction  equation  cannot  be  interpreted  as  the  direction  of  the  linear 
association  or  correlation  between  the  variable  and  the  MFHBF  for  the 
subsystem.  The  linear  association  between  the  predictor  variables  themselves 
may  have  influenced  the  signs  of  the  coefficients. 

Various  differences  between  existing  and  notional  or  conceptual  aircraft 
designs  have  affected  the  development  of  the  Baseline  Reliability  Prediction 
Models  and  might  modify  its  usage.  For  example,  the  current  WUC  structure  may 
not  be  representative  of  future  aircraft  equipment  and  functional 
partitioning.  Some  design/performance  characteristics  of  existing  aircraft 
establish  data  boundaries  which  may  not  be  consistent  with  those  of  notional 
aircraft.  The  values  for  notional  aircraft  characteristics,  such  as  the 
Maximum  Rate  of  Climb  at  Sea  Level,  Turbine  Inlet  Temperature,  Total  Aircraft 
Thrust  and  Thrust  to  Weight  Parameters,  may  lie  outside  the  range  of  existing 
aircraft  data  and  thus  require  extrapolation.  For  some  notional 
design/performance  parameters  an  equivalent  parameter  is  not  found  in  existing 
aircraft;  therefore,  the  characteristics  cannot  be  considered  in  the  model. 
Other  characteristics  require  a  modified  definition  to  use  the  equations  for 
prediction  of  notional  aircraft  reliability.  Any  aircraft  characteristics 
requiring  modified  definitions  and/or  explanations  for  notional  aircraft  are 
noted  in  Table  A-6  of  Appendix  A. 
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Model  Development 


4.  DATA  BASE  DEVELOPMENT 


Two  types  of  data  were  required  in  the  performance  of  this  study.  The 

first,  reliability  data,  was  obtained  as  Mean  Flight  Hours  Between  Failure 
(MFHBF)  values  for  historical  Navy  aircraft  from  the  Navy's  fleetwide  data 
system.  The  second,  that  of  aircraft  design/performance  parameters,  was 

obtained  from  a  number  of  sources  discussed  in  Section  4.3.  These  two  types 
of  data  comprise  the  MFHBF  Data  Bases  and  Design/Performance  Data  Bases 

respectively.  These  data  bases  were  used  to  develop  two  reliability 

prediction  models,  one  for  fixed  wing  aircraft  and  the  other  for  rotary  wing 
aircraft,  at  the  two-digit  Work  Unit  Code  (WUC)  level.  Each  model  required  a 
separate  MFHBF  and  Design/Performance  Data  Base. 

MFHBF  data  at  the  two-digit  WUC  subsystem  level  and  aircraft 

design/performance  parameters  were  obtained  on  each  of  43  Navy  aircraft.  Of 
these  aircraft  thirty-two  were  fixed  wing  and  eleven  were  rotary  wing.  The 
data  sources,  data  collection,  adjustments,  and  analysis  are  discussed  in  the 
following  sections. 

4.1  Data  Background.  The  Fleet  Weapon  System  Reliability  and 

Maintainability  Statistical  Summary  Tabulation  Report,  MSO  4790.A21 42 .01  is 
based  on  the  Navy's  Maintenance  and  Material  Management  (3M)  system.  This 
report  presents  reliability  and  maintainability  summaries  by  Work  Unit  Code 
(WUC)  for  all  Navy  aircraft.  The  MSO  Reports  prior  to  July  1976  are  based  on 
semi-annual  reporting  periods,  and  reports  after  this  date  have  quarterly 
reporting  period;..  In  order  to  obtain  data  from  reporting  periods  of  equal 
duration,  only  reports  from  July  1976  forward  were  used  in  this  study.  The 
last  report  that  could  be  included  was  the  quarter  ending  with  June  1979. 
Therefore,  the  MFHBF  data  was  collected  over  the  time  period  of  July  1976 
through  June  1979  (twelve  quarters). 

From  the  fleet  aircraft  presented  in  the  MSO  reports,  the  thirty-two  fixed 

wing  and  eleven  rotary  wing  aircraft  shown  in  Table  4-1  were  selected  for  use 

in  this  study.  The  criteria  used  in  selecting  the  aircraft  for  the  study 


TA3LE  4-1.  NAVY  AIRCRAFT  USED  IN  THE  DEVELOPMENT  OF  THE 
RELIABILITY  PREDICTION  MODELS 

FIXED  WING  AIRCRAFT  (32) 


0 

Fighter 

0 

Airborne  Early  Warning 

F-4J,  N 

E-IB 

F-14A 

E-2B,  C 

0 

Attack 

0 

Anti-Submarine  Warfare 

A-4E,  F,  M 

S-3A 

A-6A,  E 

0 

Patrol  Anti-Submarine  Warfare 

A-7A,  B,  C,  E 

P-3A,  B,  C 

AV-8A 

0 

Carrier  On  Board  Delivery  Transport 

0 

Reconnaissance 

C-1A 

RF-4B 

C-2A 

RF-8G 

0 

Flight  Refueling  Tanker 

RA-5C 

KA-3B 

0 

Electronic  Warfare 

KA-6D 

EA-3B 

KC-130F,  R 

EA-6A,  B 

ROTARY  WING  AIRCRAFT  (11) 


o  Anti-Submarine  Warfare 
SH-2F 

SH-3A,  D,  G,  H 
o  Marine  Assault 
CH-46D,  F 
CH-53A,  D 


o  Vertical  on 
Board  Delivery/ 
Search  and  Rescue 
HH-3A 
HH-46A 
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required  that: 

o  historical  aircraft  be  as  representative  as  possible  of  notional  Navy 
aircraft  including  those  in  the  Sea  Based  Air  Master  Study  (SBAMS). 

o  MFHBF  data  for  the  historical  aircraft  be  available. 

o  design/performance  data  for  the  historical  aircraft  be  available. 

It  was  necessary  to  exclude  certain  aircraft  from  the  study  due  to  a 

shortage  of  data.  The  fixed  wing  aircraft,  A-4L,  F-4S,  EA-4F,  and  EC-130Q  had 

to  be  excluded  since  most  of  the  design/performance  values  were  not 

available.  For  the  rotary  wing  aircraft  the  SH-2D,  CH-46A,  HH-lK,  and  CH-53E 
were  excluded  because  MFHBF  data  was  not  available  from  the  MSO  Reports  for 
the  twelve  quarters  covered  by  the  study. 

A  compromise  was  required  in  order  to  include  the  F-4N  and  E- 28  in  the 
fixed  wing  aircraft  data  bases.  Design/performance  parameters  were  available 
for  the  F-4B  but  the  aircraft  was  phased  out  of  fleet  operations  by  the  second 

quarter  of  1977,  having  been  modified  to  the  F-4N  configuration.  The  time 

period  from  July  1976  through  the  second  quarter  of  1977  contained 

insufficient  quarterly  data  for  computing  a  stable  MFHBF  for  the  F-4B.  The 

F-4B,  therefore,  could  not  be  included  in  the  data  bases.  On  the  other  hand, 

F-4N  MFHBF  data  was  available  from  the  MSO  Reports,  but  design/performance 
parameters  were  not  available.  Examination  of  the  modifications 'made  to  the 
F-^B  to  produce  the  F-4N,  revealed  no  changes  that  would  significantly  affect 
the  value  of  any  design/performance  parameters  as  used  in  this  study. 
Therefore,  it  was  decided  to  use  the  F-4B  design/performance  parameters  with 
tne  F-4N  MFHBF  values.  Similarly,  the  updating  of  the  E-2A  to  the  E-2B 
resulted  in  the  use  of  E-2B  MFHBF  values  with  E-2A  design/performance 
parameters. 

Certain  two-digit  WUC  suosystems,  such  as  WUC  53000  (Guidance  ^ystenis 
Drones)  and  WUC  58000  (In-Flight  Test  Equipment)  were  not  considered.  Since 
WUC  53000  applies  to  drone  aircraft  such  as  the  QF-4B,  it  was  not  considered 
applicable  to  this  study.  While  the  E-2B,  E-2C,  F-14A,  and  P-3C  have  failure 
data  reported  in  the  MSO  Reports  for  WUC  58000  for  some  quarters,  the 
quarterly  MFHBF  values  calculated  for  these  aircraft  vary  widely.  Due  to  the 
limited  quantity  of  data  and  the  wide  variance  in  the  calculated  quarterly 


126 


MFHBF ,  it  was  judged  that  a  meaningful  prediction  equation  could  not  be 
derived.  Other  two-digit  VJUC  subsystems  were  not  included  because  sufficient 
failure  data  was  not  available  from  the  MSO  Reports  during  the  time  period 
used  in  the  study. 

4.2  MFHBF  Data  Bases.  The  MFHBF  Data  Bases  were  developed  at  the 
two-digit  WUC  level  using  historical  aircraft  data  for  fixed  and  rotary  wing 
aircraft.  The  quarterly  MSO  Reports  were  used  as  the  source  of  reliability 
information  for  the  MFHBF  Data  Bases. 

4.2.1  Collection  of  Data.  Reliability  data  for  the  fixed  and  rotary  wing 
aircraft  were  collected  from  the  quarterly  MSO  Reports  covering  the  time 

period  from  July  1976  through  June  1979  (twelve  quarters).  For  each  quarter, 
the  Navy-wide  totals  for  the  number  of  failures  at  the  two-digit  VJUC  subsystem 
level  and  the  corresponding  aircraft  flight  hours  were  obtained  for 
forty-three  aircraft. 

Data  was  collected  for  38  two-digit  WUC  subsystems  for  fixed  wing  aircraft 
and  34  WUC  subsystems  for  rotary  wing  aircraft  in  accordance  with  the 
respective  WUC  Manuals.  Failure  data  was  also  collected  at  the  overall 

aircraft  level  for  the  43  aircraft.  WUC  00000  was  created  to  represent  the 
MFHBF  values  and  the  prediction  equation  developed  for  the  overall  aircraft. 
An  additional  WUC  was  created  for  the  fixed  wing  aircraft  and  was  denoted  as 
WUC  20000.  This  WUC  subsystem  contains  the  MFHBF  values  for  both  WUC  23000 
(Turbojet  Engines)  and  WUC  27000  (Turbofan  Engines).  A  list  of  the  40  fixed 
wing  and  35  rotary  wing  WUC  subsystems  for  which  prediction  equations  were 
developed  along  with  the  number  of  MFHBF  values  available  for  prediction 
equation  development  is  presented  in  Tables  4-2  and  4-3.  Notice  that  for 

certain  WUC  subsystems,  MFHBF  data  was  not  available  for  all  thirty-two  fixed 

wing  or  eleven  rotary  wing  aircraft.  Because  of  the  differences  in  historical 
aircraft  not  all  WUC  subsystems  applied  to  all  aircraft.  For  example,  only 
seven  fixed  wing  aircraft  have  Auxiliary  Power  Plants  (WUC  24000).  In 
addition,  some  MFHBF  values  were  deleted  from  certain  WUC  subsystems  in  the 
MFHBF  Data  Base  due  to  limited  or  extreme  data.  The  criteria  for  deletion  of 
the  MFHBF  values  is  given  in  Section  4. 2. 2. 2. 
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TABLE  4-2.  RELIABILITY  PREDICTION  MODEL  WUC’S  AND 
WUC  DATA  AVAILABILITY 
(FIXED  WING  AIRCRAFT) 


NO.  OF  A/C  WITH  MFHBF 
VALUES  AVAILABLE  FOR 

TWO-DIGIT  PREDICTION  EQUATION 


WUC 

DESCRIPTION 

DEVELOPMENT 

OOOOO  (1) 

Total  Aircraft 

32 

Aircraft  Basic 

11000 

Airframe 

32 

12000 

Fuselage  Compartments 

32 

13000 

Landing  Gear 

32 

14000 

Flight  Controls 

32 

20000  (1) 

Turbojet  and  Turbofan  Engine 

22 

Power  Plant 

22000 

Turboshaft  Engines 

8 

23000 

Turbojet  Engines 

15 

24000 

Aux.  Pwr.  Plant  Airborne 

7 

27000 

Turbofan  Engines 

7 

29000 

Power  Plant  Instl. 

32 

Utilities 

41000 

Air  Cond/Pres/Ice  Contr. 

32 

42000 

Electrical  Power  Sys. 

32 

44000 

Lighting  System 

32 

45000 

Hydraulic  &  Pneumatic  Pwr 

32 

46000 

Fuel  System 

32 

47000 

Oxygen  Systems 

30 

49000 

Misc.  Utilities 

31 

Instrumentation 

51000 

Instruments 

32 

56000 

Flight  Reference 

32 

57000 

Int.  Guidance/Fit. Contr. 

25 

Communications 

61000 

HF  Communications  System 

14 

62000 

VHF  Communications  Sys. 

14 

63000 

UHF  Communications 

31 

64000 

Interphone  System 

27 

65000 

IFF  Systems 

30 

66000 

Emergency  Radio 

20 

67000 

CNI  Integrated  Package 

23 

69000 

Misc.  Comm.  Equipment 

9 

Weapon  Navigation/ 

71000 

Radio  Navigation 

30 

Control 

72000 

Radar  Navigation 

32 

73000 

Bombing  Navigation 

27 

74000 

Weapons  Control 

20 

75000 

Weapons  Delivery 

21 

76000 

Elec.  Countermeasures 

25 

77000 

Photographic/Reconnaissance 

13 

Mi  sc.  Equipments/ 

91000 

Emergency  Equipment 

32 

Systems 

93000 

Deceleration  Equipment 

6 

96000 

Personnel  Equipment 

20 

97000 

Explosive  Devices 

22 

(1)  Non-standard  WUC 
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TABLE'  4-3.  RELIABILITY  PREDICTION  MODEL  WUC'S  AND 
WUC  DATA  AVAILABILITY 
(ROTARY  WING  AIRCRAFT) 

NO.  OF  A/C  WITH  MFHBF 
VALUES  AVAILABLE  FOR 

TWO-DIGIT  PREDICTION  EQUATION 


WUC 

DESCRIPTION 

DEVELC 

OOOOO  (1) 

Total  Aircraft 

11 

Aircraft  Basic 

11000 

Airframe 

11 

12000 

Fuselage  Compartments 

11 

13000 

Landing  Gear 

11 

14000 

Flight  Controls 

11 

15000 

Helicopter  Rotor  System 

11 

Power  Plant 

22000 

Turboshaft  Engines 

11 

24000 

Aux.  Pwr.  Plant  Airborne 

5 

26000 

Helicopter  Rotary  Wing 

11 

29000 

Power  Plant  Instl. 

11 

Utilities 

41000 

Air  Cond/Pres/Ice  Contr. 

g 

42000 

Electrical  Power  Sys. 

11 

44000 

Lighting  System 

11 

45000 

Hydraulic  &  Pneumatic  Pwr 

11 

46000 

Fuel  System 

11 

49000 

Miscellaneous  Utilities 

11 

Instrumentation 

51000 

Instruments 

11 

54000 

Telemetry 

4 

56000 

Flight  Reference 

11 

57000 

Int.  Guid/Flt.  Control 

11 

Communications 

61000 

HF  Communications  Sys. 

9 

62000 

VHF  Communications  Sys. 

6 

63000 

UHF  Communications  Sys. 

11 

64000 

Interphone  System 

11 

65000 

IFF  Systems 

11 

67000 

CNI  Integrated  Package 

9 

Weaoon  Navigation/ 

71000 

Radio  Navigation 

11 

Control 

72000 

Radar  Navigation 

11 

73000 

Bombing  Navigation 

6 

74000 

Weapons  Control 

6 

75000 

Weapons  Del i very 

8 

76000 

Elect.  Countermeasures 

4 

Mi  sc.  Equipments/ 

9100C 

Emergency  Equipment 

11 

Systems 

96000 

Personnel  Equipment 

5 

97000 

Explosive  Devices 

9 

(1)  Non-standard  WUC 
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In  accordance  with  the  WUC  Manuals,  the  engine  raiiurts  for  tne  F- i4A, 
A-7A,  B,  C,  and  E  aircraft  were  reported  against  WUC  2?* *00  (Turbojet  Engines) 
in  the  MSO  Reports.  However,  these  five  aircraft  nave  a  turbofan  engine. 
Since  the  engine  prediction  equations  were  to  be  developed  by  tyoe  of  engine, 
the  historical  MFHBF  data  for  these  five  aircraft  were  moved  from  WUC  230C0  to 
WUC  27000  (Turbofan  Engines). 

The  twelve  quarters  of  data  were  split  into  two  groups.  The  eight 
quarters  of  data  from  July  1976  through  June  1978  to  be  used  for  model 
development,  and  the  four  quarters  from  July  1978  through  June  1979  were  to  be 
used  to  verify  the  stability  of  the  first  eight  quarters.  The  MFHBF  values 
for  the  two-digit  WUC  subsystems  of  the  43  aircraft  were  calculated  for  each 
of  the  twelve  quarters  and  for  both  the  eight  and  four  quarter  time  periods 
using  the  formula: 


MFHBF  =  ■— totaJ.  fli.9ht  hours _  (4J) 

total  number  of  failures 

It  should  be  noted  that  the  MFHBF  values  in  the  MFHBF  Data  Base  for  WUC  20000 
(Turbojet/Turbofan  Engines),  WUC  22000  (Turboshaft  Engines),  WUC  23000 
(Turbojet  Engines),  WUC  27000  (Turbofan  Engines),  and  WUC  29000  (Power  Plant 
Installation)  have  been  adjusted  to  a  per  engine  basis  where  an  aircraft  has 
more  than  one  engine. 

An  effort  was  made  to  standardize  the  WUC's  relative  to  the  Standardized 
WUC  Manual  for  the  fixed  wing  aircraft  used  in  this  study.  This  effort 
involved  the  A-4M,  A-6E,  A-7E,  AV-8A,  and  F-14A.  The  standardization  of  these 
five  aircraft  proved  to  be  a  larger  undertaking  in  terms  of  time  and  manpower 
than  originally  believed.  This  led  to  an  agreement  with  NAVAIR  that  the 
standardization  of  the  WUC's  was  beyond  the  scope  of  the  funded  effort. 
Therefore,  the  MFHBF  values  in  the  data  bases  were  not  standardized  for  either 
the  fixed  or  rotary  wing  aircraft. 

4.2.2  Analysis  of  MFHBF  Data.  In  order  to  ensure  that  the  reliability 
information  for  the  data  base  was,  in  fact,  representative  of  the  long  term 
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MFHBF,  some  form  of  verification  was  required.  Verification  of  t'ne  data's 
stability  was  obtained  through  a  comparison  of  the  MFHBF  values  for  the  eight 
quarters  representing  the  candidate  MFHBF  data  bases  and  the  subsequent  four 
quarters  established  for  use  in  verification.  The  data  was  also  examined  for 
trends  and  variability  that  might  affect  the  stability  of  the  data. 

Through  analysis  of  the  MFH8F  data,  it  was  determined  that  no  consistent 
trends  or  unusual  variability  existed  over  time  at  the  two-digit  WUC  level. 
Therefore,  the  MFHBF  values  calculated  for  the  time  period  consisting  of  the 
eight  quarters  from  July  1976  through  June  1978,  were  considered  sufficiently 
stable  to  be  used  to  develop  the  historical  MFHBF  Data  Bases  for  the  fixed  and 
rocary  wing  aircraft.  Tables  A-l  and  A-2  of  Appendix  A,  present  the  minimum 
and  maximum  values  of  the  MFHBF  Data  Bases  and  the  verification  data  by 
two-digit  WUC  subsystems  for  the  fixed  and  rotary  wing  aircraft. 

4.2.2. 1  Trends,  Variability  and  Stability.  The  MFHBF  data  was  analyzed 
for  consistent  trends  and  variability.  These  analyses  were  performed  among 
different  aircraft  for  a  given  two-digit  WUC,  as  well  as  between  different 
two-digit  WUC  subsystems  of  a  given  aircraft  for  both  fixed  and  rotary  wing 
aircraft.  When  the  quarterly  MFH8F  values  of  all  fixed  wing  aircraft  for  a 
given  WUC  were  plotted  against  the  twelve  data  quarters  a  wide  variety  of 
patterns  resulted.  While  some  individual  patterns  showed  definite  trends, 
there  was  no  consistent  trend  present  for  all  aircraft.  As  an  example,  the 
quarterly  MFHBF  data  of  the  A-6E,  A-7E,  and  F-14A  fixed  wing  aircraft  for  WUC 
13000  (Landing  Gear)  is  presented  in  Table  4-4,  and  is  shown  graphically  in 
Figure  4-1.  Also,  a  variety  of  patterns  were  obtained  when  the  MFHBF  values 
of  all  WUC  subsystems  for  a  given  fixed  wing  aircraft  were  plotted  against  the 
twelve  quarters  of  data.  Again,  some  individual  patterns  showed  definite 
trends,  but  no  consistent  trends  present  in  all  WUC  subsystems.  An  example  of 
this  is  presented  for  the  A-6E  in  Table  4-5  and  plotted  in  Figure  4-2.  The 
same  type  of  analysis  was  performed  on  the  rotary  wing  aircraft  with  similar 
results.  Examples  of  these  results  are  shown  in  Tables  4-6,  and  4-7,  and 
Figures  4-3  and  4-4. 

The  variability  in  the  quarterly  MFHBF  data  was  also  examined.  Again,  the 
data  was  examined  by  comparing  different  WUC  subsystems  within  the  same 
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TABLE  4-4. 

LANDING  GEAR  (WUC 
PERIOD  FOR  THE 
AND  F- 

13000)  MFH8F 
A-6E,  A-7E , 

1 4  A 

MFHBF 

VS  REPORTING 

Reporting  Period 

A-6E 

A-7E 

F-14A 

Data  Base  Period 

Jul  -  Sep  1976 

15.78 

11.65 

12.80 

Oct  -  Dec  1976 

14.36 

11.16 

12.39 

Jan  -  Mar  1977 

14.51 

10.72 

14.18 

Apr  -  Jun  1977 

15.05 

10.31 

12.11 

Jul  -  Sep  1977 

14.90 

10.68 

11.28 

Oct  -  Dec  1977 

14.79 

10.63 

11.01 

Jan  -  Mar  1978 

15.35 

10.81 

9.76 

Apr  -  Jun  1978 

18.74 

11.64 

11.89 

Jul  1976  -  Jun  1978  15.44  10.90  11.74 

(8  Quarters) 


Data  Base 

Verification  Period 


Jul  -  Sep 

1978 

16.72 

10.94 

12.13 

Oct  -  Dec 

1978 

16.50 

11.08 

13.91 

Jan  -  Mar 

1979 

15.83 

11.18 

11.96 

Apr  -  Jun 

1979 

15.94 

11.24 

12.49 

Jul  1978  - 

Jun  1979 

16.24 

11.11 

12.59 

(4  Quarters) 


c 

f 

»>' 
w  • 


f 
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A-6E:  0  QUARTERLY  MFHBF  VALUES 

-  AVERAGE  VALUES 


Landing  Gear  (WUC  73000)  MFHBF  vs.  Reporting  Period  for 
Selected  Fixed  Wing  Aircraft 


TABLE 

4-5.  A-6E  HFHBr  VS  => 
WUC'S  11000,  13000 

SPORTING  PERIOD 
,  AND  73000 

MFHGF 

FOR 

Reporting  Period 

WUC  11000 

WUC  13000 

WUC  73000 

Data  Base  Period 

Oul -Sep  1975 

7.47 

15.78 

9.75 

Oct-Oec  1976 

6.87 

14.36 

9.73 

Jan-Mar  1977 

5.81 

14.51 

9.92 

Apr-Jun  1977 

5.88 

15.05 

10.00 

Jul-Sep  1977 

5.50 

14.90 

10.25 

Oct-Oec  1977 

5.02 

14.79 

10.29 

Jan-Mar  1978 

5.96 

15.35 

10.95 

Apr-Jun  1978 

6.09 

18.74 

10.64 

Jul  1976  -  Jun  1978  5.98  15.44  10.23 

(8  Quarters) 


Data  Base 

Verification  Period 


Jul-Sep  1978 

5.76 

16.72 

9.99 

Oct-Oec  1978 

6.35 

16.50 

9.99 

Jan-Mar  1979 

5.28 

15.83 

10.64 

Apr-Jun  1979 

5.38 

15.94 

8.05 

Jul  1978  -  Jun  1979 

5.66 

15,24 

9.63 

(4  Quarters) 
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QUARTERLY  MFHBF  FOR  WUC  13000 
QUARTERLY  MFHBF  FOR  WUC  73000 
QUARTERLY  MFHBF  FOR  WUC  11000 


TABLE  4-6.  HELICOPTER  ROTOR  SYSTEM  (WUC  15000)  hr H8F 
VS  REPORTING  PERIOD  FOR  THE 


CH-46F,  SH-2F, 

AND  SH-3H 

MFHBF 

Reporting  Period 

CH-46r 

SH-2F 

SH-3H 

Data  Base  Period 

Jul  -  Sep  1976 

7.40 

9.11 

9.85 

Oct  -  Dec  1976 

7.88 

9.08 

12.51 

Jan  -  Mar  1977 

6.68 

9.53 

14.76 

Apr  -  Jun  1977 

7.29 

8.97 

12.90 

Jul  -  Sep  1977 

7.18 

7.91 

10.08 

Oct  -  Dec  1977 

6.92 

6.06 

10.80 

Jan  -  Mar  1978 

5.76 

4.99 

11.61 

Apr  -  Jun  1978 

5.84 

7.25 

11.08 

Jul  1976  -  Jun  1978  6.76  7.65  11.47 

(8  Quarters) 


Data  Base 

Verification  Period 


Jul  -  Sep  1978 

7.06 

7.23 

9.31 

Oct  -  Dec  1978 

5.80 

6.68 

11.86 

Jan  -  Mar  1979 

7.49 

6.06 

12.51 

Apr  -  Jun  1979 

7.32 

5.40 

'  S.42 

Jul  1978  -  Jun  1979 

6.80 

6.25 

10.72 

(4  Quarters) 
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'  System  (WUC  15000)  MFHBF  vs.  Reporting  Period  for 
Wing  Aircraft 


/ 


TABLE  4-; 

7.  5H-3H  MFHBF  VS  REPORTING  PERIOD 

FOR 

WUC'S  11000,  15000, 

AND  73000 

MFHBF 

Reporting  Period 

WUC  1 1000 

WUC  15000 

WUC  730OO 

Data  Base  Period 

m 

Jul-Sep  1976 

5.69 

9.85 

7.83 

Oct-Dec  1976 

5.09 

12.51 

8.59 

Jan-Mar  1977 

6.60 

14.76 

10.91 

Apr-Jun  1977 

6.77 

12.90 

10.62 

Jul-Sep  1977 

5.73 

10.08 

7.59 

Oct-Dec  1977 

4.59 

10.80 

7.34 

Jan-Mar  1978 

4.22 

11.61 

7.26 

Apr-Jun  1978 

3.97 

11.08 

7.71 

Jul  1976  -  Jun  1978 

4.97 

11.47 

8.14 

(8  Quarters) 


Data  Base 

Verification  Period 


Jul-Sep  1978 

3.70 

9.31 

7.12 

Oct-Dec  1978 

4.48 

11.86 

9.33 

Jan-Mar  1979 

4.65 

12.51 

8.42 

Apr-Jun  1979 

4.42 

9.42 

7.84 

Jul  1978  -  Jun  1979 

4.31 

10.72 

8.15 

(4  Quarters) 


Reporting  Period  for  Selected 


.  aircraft  as  well  as  different  aircraft  for  the  same  WUC.  The  major  area  of 
‘  concern  was  for  those  WUC  subsystems  which  had  only  a  few  failures  reported 
each  quarter  for  a  given  aircraft  that  had  approximately  the  same  number  of 

■.  flight  hours  for  each  quarter.  For  these  WUC  subsystems  a  small  change  in  the 
reported  number  of  failures  for  a  quarter  could  have  made  a  significant  change 
in  successive  quarterly  MFH8F  values.  Having  been  made  aware  of  this 
potential  problem,  the  omission  of  these  aircraft  on  a  selective  WUC  basis  was 
in  order  should  these  individual  aircraft  have  prohibited  the  development  of  a 
good  baseline  MFHBF  prediction  equation.  For  example,  the  MFHBF  of  WUC  97000 
Explosive  Devices)  for  the  A-6E  varied  from  20,817  (1  failure  in  20,817 
hours)  to  2,132  (7  failures  in  14,924  hours).  For  some  aircraft,  variability 
■  iccured  due  to  the  aircraft  being  phased  into  service  or  out  of  service.  For 
un  aircraft  phasing  into  service,  both  the  flight  hours  and  the  number  of 

,  failures  tended  to  increase  with  time  and  the  variability  tended  to  decrease. 

;  'ith  an  aircraft  phasing  out  of  service,  the  reverse  tended  to  occur. 

The  long  term  stability  of  the  MFHBF  data  was  examined  by  comparing  the 
average  MFHBF  value  of  the  candidate  data  base  (eight  quarters)  with  the 
verage  MFHBF  value  of  the  verification  data  (four  quarters).  As  before, 
multiple  aircraft  were  compared  for  a  given  WUC,  and  multiple  WUC  subsystems 

ere  compared  for  a  given  aircraft.  In  some  cases  the  average  MFHBF  value  of 

Jie  verification  data  was  higher  than  the  candidate  data  base  and  lower  in 
other  cases.  Again,  the  data  showed  no  consistent  trends,  and  none  of  the 
ifferences  between  the  average  MFHBF  values  of  the  two  time  periods  were 
considered  significant.  Examples  of  this  analysis  are  shown  in  Tables  4-4 
hrough  4-7  and  Figures  4-1  through  4-4. 

4. 2. 2. 2  Outliers.  The  MFHBF  data  was  also  examined  for  the  presence  of 
outliers,  i.e.,  extreme  MFHBF  values  which  might  exist  for  a  given  WUC.  The 
rocedure  used  to  check  for  potential  outlier  values  was  to  compare  the  MFHBF 
values  within  a  given  two-digit  WUC  subsystem.  Comparisons  were  made  for  each 
.  two-digit  WUC  subsystem  considered  in  the  study. 

For  those  WUC  subsystems  where  potential  outliers  were  detected,  bivariate 
;  lots  of  the  MFHBF  values,  for  the  given  WUC,  versus  various 

design/performance  parameters  were  examined.  If  the  points  associated  with 
j  ’«e  extreme  MfHBF  values  were  consistently  incompatible  with  the  other  values 
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on  the  graphs,  a  cause  for  the  deletion  of  the  extreme  MFHBF  value,  was 
sought.  The  fact  that  a  MFHBF  value  was  considerably  larger  or  smaller  than 
the  other  MFHBF  values  for  a  given  WUC  was  not  sufficient  reason  for  labeling 
the  value  an  outlier.  The  term  "outlier"  applies  to  the  data  values  which  are 
found  to  lie  outside  the  general  pattern  formed  by  the  other  data  values 
graphed. 

In  order  to  delete  an  outlying  MFHBF  value  from  the  data  base  for  a  given 

V1UC,  a  valid  reason  had  to  be  established.  The  reason  most  frequently  found 

to  apply  was  the  extreme  shortage  of  quarterly  data.  Those  MFHBF  values 
computed  from  only  one  or  two  quarters  of  data  and  determined  to  be  outliers, 
were  deleted  from  the  MFHBF  Data  Base.  In  all,  a  total  of  17  MFHBF  values  for- 
fixed  wing  aircraft  and  12  MFHBF  values  for  rotary  wing  aircraft  were  deleted. 

Those  outlying  MFHBF  values  that  were  based  on  a  relatively  small  number 
of  flight  hours  and/or  small  number  of  failures,  were  kept  in  the  MFHBF  Data 
Base  until  their  effect  on  the  development  of  the  prediction  equation  for  the 
WUC  could  be  determined.  If  the  effect  was  found  to  be  adverse,  i . e . ,  if  this 
MFHBF  value  was  hindering  a  proper  fit  to  the  data,  the  value  was  omitted  from 
the  development  of  the  specific  WUC  prediction  equation.  Otherwise,  it 
remained  in  the  data  base. 

4.3  Design/Performance  Data  Bases.  The  completed  data  bases  consisted  of 
101  design/performance  parameters  for  each  of  the  thirty-two  fixed  wing 
aircraft  and  89  parameters  for  each  of  the  eleven  rotary  wing  aircraft.  These 

parameters,  compiled  from  a  number  of  sources,  served  as  the  independent 

variable  data  base  for  the  regression  analysis  used  in  developing  the 
reliability  prediction  equations.  These  parameters  were  chosen  with  the 
assistance  of  design  and  systems  engineers  and  NAVAIR  personnel. 

4.3.1  Data  Collection.  The  major  data  sources  used  in  developing  the 
Oesign/Performance  Data  Base  were  the  following: 

o  Standard  Aircraft  Characteristics  Charts  (MIL-C-501 1A) 
o  Group  Weight  Statements  (MI L-STD- 1374 ) 
o  Jane's  All  the  World's  Aircraft 

o  Aircraft  and  engine  Companies 
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o  NATOPS  Flight  Manuals 

o  Aviation  Week  and  Space  Technology,  Specifications,  pages  88-142,  dtd 
March  12,  1979 

Many  of  the  physical  characteristics  and  performance  parameters  in  the 
data  bases  appear  in  more  than  one  of  the  above  sources;  thus,  an  organized 
procedure  for  collection  of  the  data  was  required.  The  Standard  Aircraft 
Characteristics  (SAC)  Charts  and  the  Group  Weight  Statements  were  used  as  the 
primary  sources.  See  Tables  A-3  and  A-4  of  Appendix  A  for  examples  of  these 
primary  data  sources.  The  remaining  sources  were  used  to  obtain  information 
not  available  from  these  two  primary  sources.  The  engine  companies,  in 
particular,  provided  information  on  several  engine  parameters  which  were  not 
readily  available.  In  a  few  instances,  NAVAIR  personnel  provided  specific 
information.  In  some  cases,  where  no  data  was  available,  parameter  values 
were  estimated  using  related  information  available  on  similar  aircraft.  A 
list  of  the  estimated  parameters  are  provided  in  Table  A-5  of  Appendix  A. 

The  aircraft  characteristics  included  in  the  Design/Performance  Data  Bases 
were  divided  into  four  groups  as  follows; 

o  physical  characteristics  including  dimensions,  volumes,  and  weights, 

o  performance  parameters  including  speed,  range,  altitude,  and  rate  of 

climb, 

o  engine  characteristics  including  thrust,  size,  weight,  and  fuel 
consumption, 

o  categorical/derived  parameters,  including  indicator  variables, 

squared  characteristic  values,  ratios  of  physical  characteristics, 
and  interaction  terms. 

These  groups  are  presented  in  Tables  4-8  through  4-11  for  the  fixed  wing 
aircraft,  and  Tables  4-12  through  4-15  for  the  rotary  wing  aircraft.  These 
represent  the  candidate  predictor  parameters  for  the  thirty-two  fixed  wing  and 
eleven  rotary  wing  aircraft.  Most  of  the  characteristics  are  discussed  in 
1'il L-C-501 1A,  HIL-SID-1374A,  and  SD-24K  (Vols.  I  and  II)  (see  References  4,  5, 
6,  and  7).  Parameters  requiring  additional  explanation  and/or  with  modified 
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TABLE  4-8.  PHYSICAL  CHARACTERISTICS  -  FIXEO  WING  AIRCRAFT 


Crew  Size 

No.  of  Moveable  Fit  Control  Surfaces 

No.  of  Fixed  Inlets 

No.  of  Variable  Inlets 

No.  of  Vertical  Tails 

Wing  Sweep  at  1/4  Chord 

No.  of  External  Armament  Stores 

Landing  Sink  Speed  (Limit) 

Tail  Span 

Wing  Span  --  Unfolded 

Wing  Span  --  Folded 

No.  of  Wing  Plus  Tails  Folds 

Max.  Aircraft  Length 

Max.  Aircraft  Height 

Mean  Aerodynamic  Chord  (MAC) 

Wheelbase 

Main  Gear  Tread 

Fuselage  Wetted  Area 

Wing  Wetted  Area 

Wing  Area 

Total  Wetted  Area 

Fuselage  Volume 

Aspect  Ratio 

No.  of  External  Store  Stations 


Flight  Control  Surface  Area 
Gun  Weight 
No.  of  Guns 

Pressurized  Fuselage  Volume 

Avionics  Weight  Installed 

Avionics  Weight  Uninstalled 

Auxiliary  Power  Unit 

Total  Generator  Electrical  Power 

Total  ECS  Weight 

Fuel  Capacity  Internal  Wing 

Fuel  Capacity  Internal  Fuselage 

Fuel  Capacity  External  Tanks 

Fuel  Capacity  Max.  Internal 

Total  Fuel  Capacity 

No.  of  External  Tanks 

No.  of  Internal  Tanks 

Empty  Weight 

Fl  ight  Design  Weight 

Design  Load  Factor  -  Subsonic 

Max.  Take-off  Weight  (Cat) 

Max.  Ldg.  Weight  (Arrested) 

Max.  Payload 
Max.  Wing  Loading 
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TABLE  4-10.  ENGINE  CHARACTERISTICS  -  FIXED  WING  AIRCRAFT 


No.  of  Engines 

Max.  Thrust  per  Engine 

Total  Aircraft  Thrust  --  Military 

Max.  Engine  Diameter 

Max.  Engine  Length 

No.  of  Engine  Parts 

Specific  Thrust  or  Specific  SHP 

Max.  Airflow 

Max.  Pressure  Ratio 


Fuel  to  Air  Ratio 
Max.  Thrust  or  SHP  per  Engine 
Engine  Weight  Installed  per  Engine 
No.  of  Fan  Plus  Compressor  Stages 
No.  of  Turbine  Stages 
Max.  Compression  Ratio 
Specific  Fuel  Consumption 
Turbine  Inlet  Temperature 
Bypass  Ratio 

Engine  Wt.  Uninstalled  per  Engine 
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TABLE  4-11.  CATEGORICAL/DERIVED  PARAMETERS  -  FIXED  WING  AIRCRAFT 


Recce.  Indicator 
Ew  Indicator 

Date  1st  Fit.  --  Prototype 
Date  1st  Fit.  --  Series 
Aircraft  Carrier  or  Land  Based 
Afterburner  Indicator 
Type  A  or  B 

(Max.  Rate  of  Climb)  x  (Type  A  or  B) 

(Max.  Speed  --  Mach  No.)  x  (Type  A  or  B) 
(Max.  Speed  at  S.L.)  x  (Type  A  or  B) 

(Min.  Combat  Mission  Time)  x  (Type  A  or  B) 
(Avionics  Wt.  Installed)  x  (Type  A  or  B) 
(Max.  Wing  Loading)  x  (Type  A  or  B) 

(Min.  Time:  Sea  Level  to  30K  Feet)^ 

(Min.  Time:  Sea  Level  to  20K  Feet)^ 

Max.  Thrust  or  SHP  to  Engine  Weight  Uninst. 
Flight  Design  Weight  to  Max.  T.O.  Weight 
Mil.  Thrust  to  Design  Weight 
Max.  Thrust  to  Engine  Weight  Installed 
Max.  Thrust  to  Max.  T.O.  Weight 
Max.  Thrust  to  Max.  Landing  Weight 
(Total  Fuel  Capacity)^ 

2 

(Fuel  Capacity  External  Tanks) 

Kinetic  Energy 
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TABLE  4-12.  PHYSICAL  CHARACTERISTICS  -  ROTARY  WING  AIRCRAFT 


Empty  Weight 

Max.  T.O.  or  Landing  Weight 

Design  Load  Factor 

Crew  Size 

No.  of  Troops 

No.  of  Main  Rotor  Blades 

No.  of  Tail  Rotor  Blades 

Main  Rotor  Radius 

Tail  Rotor  Radius 

Fuselage  Length  --  Folded 

Fuselage  Depth  --  Folded 

Fuselage  Width  --  Folded 

Aircraft  Length  --  Operating 

Aircraft  Span  --  Operating 

Aircraft  Width  —  Operating 

Wheelbase 

Main  Gear  Tread 

Main  Rotor  Blade  Chord 

Tail  Rotor  Blade  Chord 

No.  External  Launch  Points 

Max.  No.  of  External  Armament  Stores 

No.  of  External  Torpedo  Store  Stations 

No.  of  Internal  Sonobuoy  Stores 

Rotor  Weight 

Blade  Loading 


Total  Rotor  Disc  Area  (Sweepl 
—  Main  +  Tail 

Total  Blade  Area  —  Main  +  Tail 
Main  Rotor  Disc  Area  (Sweep) 

Tail  Rotor  Disc  Area  (Sweep) 

Main  Rotor  Blade  Area 
Per  Blade 

Tail  Rotor  Blade  Area 
Per  Blade 

Main  Rotor  Blade  Area  (Total) 

Tail  Rotor  Blade  Area  (Total) 

Avionics  Weight  Installed 

Avionics  Weight  Uninstalled 

Total  ECS  Weight 

Air  Conditioning  Weight 

Anti -Icing  Weight 

No.  of  Aircraft  Generators 

Generator  Electrical  Power  per  Gen 

Total  Generator  Electrical  Power 

Fuel  Capacity  Internal 

Fuel  Capacity  Auxiliary 

Total  Fuel  Capacity 

No.  of  Internal  Tanks 

No.  of  Auxiliary  Tanks 

Max.  Disc  Loading 
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TABLE  4-13.  PERFORMANCE  PARAMETERS  -  ROTARY  WING  AIRCRAFT 


Vertical  Rate  of  Climb  at  Sea  Level  —  Military  Power 

Absolute  Hovering  Ceiling  —  Military  Power 

Max.  Rate  of  Climb  --  Normal  Power 

Max.  Service  Ceiling 

Max.  Speed  at  Sea  Level 

Max.  Combat  Radius 

Max.  Combat  Range 

Max.  Speed  at  Altitude 

Associated  Altitude  for  Max.  Speed 

Average  Cruising  Speed  --  Primary  Mission 

Cruising  Altitude  —  Primary  Mission 
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TABLE  4-14.  ENGINE  CHARACTERISTICS  -  ROTARY  WING  AIRCRAFT 


No.  of  Engines 

Total  Aircraft  SHP  --  Mil.  or  Int.  Power 

Total  Aircraft  SHP  —  Normal  Power 

Military  or  Int.  SHP  per  Engine 

Normal  SHP  Per  Engine 

Max.  Engine  Diameter 

Max.  Engine  Length 

Engine  Weight  Installed  per  Engine 

No.  of  Fan  plus  Compressor  Stages 

No.  of  Turbine  Stages 

Max.  Compresion  Ratio 

Specific  Fuel  Consumption  --  Mil.  or  Int.  Power 

Specific  Fuel  Consumption  --  Normal  Power 

Turbine  Inlet  Temperature 

No.  of  Engine  Parts 

Main  Rotor  Gear  Ratio 

Main  Rotor  Tip  Speed  at  Oesign  Limit 

Main  Rotor  Transmission  Limits  --  SHP 

Main  Rotor  Transmiss'  m  Limits  --  RPM 

Power  Transmission  Weight  --  w/o  Rotor 

Engine  RPM  --  Mil.  or  Int.  Power 


TABLE  4-15.  CATEGORICAL/DERIVED  PARAMETERS  -  ROTARY  WING  AIRCRAFT 


Tail  Pylon  Fold 
Date  of  1st  Fit.  Series 
Date  of  1st  Fit.  --  Prototype 
Date  of  1st  Fit.  --  Service 

Total  Aircraft  SHP  —  Normal  Power  to  Max.  Take-Off  Wt. 

Mil.  SHP  per  Eng.  to  Eng.  Wt.  Instl.  per  Eng. 

Total  Aircraft  SHP  --  Mil.  or  Int.  Power  to  Max.  Take-off  Wt. 
No.  of  Mission  Variants 
Auxiliary  Power  Unit 
MA  Indicator 


definitions  are  listed  under  General  Notes  presented  in  Table  A-6  of  Appendix 
A. 


Due  to  the  variety  of  aircraft  and  engine  types  incorporated  in  the  data 
bases,  not  all  parameters  were  applicable  for  all  aircraft.  For  example,  the 
turbine  inlet  temperature  does  not  apply  to  aircraft  with  a  reciprocating 
engine.  Thus,  for  selected  aircraft  certain  parameters  were  omitted  if  a 
compatible  substitution  could  not  be  found.  A  complete  list  of  these 
omissions  and  substitutions  is  provided  in  Table  A-7  of  Appendix  A. 

These  parameters  were  selected  to  permit  prediction  of  notional  aircraft 
MFHBF  values  early  in  the  design  phase.  For  this  reason,  many 
design/performance  parameters  normally  not  available  early  in  an  aircraft's 
evaluation  were  not  incorporated  in  the  Design/Performance  Data  Base.  As  a 
result,  many  of  the  detailed  engineering  characteristics,  used  to  describe  the 
aircraft,  were  not  included  in  the  two  models. 

A  listing  of  all  design/performance  parameters  with  units  are  presented  in 
Tables  A-8  and  A-9  of  Appendix  A  for  the  fixed  wing  and  rotary  wing  aircraft, 
respectively.  These  tables  also  indicate  which  parameters  are  used  in  at 
least  one  prediction  equation,  and  indicate  the  minimum  and  maximum  values  for 
the  parameters.  Attempts  to  use  notional  design/performance  values  outside 
these  limits  require  extrapolation  with  accompanying  risk  that  the  predicted 
MFHBF  value  may  be  unrealistic. 

An  attempt  was  made  to  reflect  the  change  in  aircraft  technology  by 
including  two  "date  related"  parameters  in  the  fixed  wing  and  three  in  the 
rotary  wing  data  base.  These  were  the  "Date  of  1st  Fit.  --  Prototype", 
"Date  of  1st  Fit.  --  Series",  and  "Date  of  1st  Fit.  --  Service".  Some 
aircraft  used  in  the  study  cover  a  time  span  beginning  in  the  early  1950's  and 
aircraft  technology  has  changed  significantly  since  then.  Reference  the 
General  Notes,  Table  A-6  of  Appendix  A  for  details  of  their  calculation,  and 
Section  6.1.1  for  a  discussion  of  the  results  of  their  use  in  the  prediction 
equations. 

4.3.2  Additions  and  Refinements.  In  reviewing  the  preliminary  results  of 
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prediction  equation  development  it  Decani*  evident  that  <i.j«ii  *  wri  -  i 
design/performance  parameters  were  required  for  several  WUC  subsystems  of  trie 
fixed  wing  aircraft  model  while  the  design/performance  data  for  the  rotary 
wing  aircraft  model  appeared  adequate.  The  initial  Design/Performance  Data 
Base  for  the  fixeo  wing  aircraft  consisted  of  the  first  75  design/performance 
parameters  shown  in  Table  A-8  of  Appendix  A.  To  improve  the  quality  of  tne 
fixed  wing  equations,  20  additional  parameters  (76  through  95)  were  added  to 
the  Design/Performance  Data  Base. 

Host  of  the  additional  parameters  were  engine  related.  Other  parameters 
were  either  the  squared  value  of  an  existing  parameter  or  the  ratio  of  two 
existing  parameters.  The  remainder  were  binary  indicator  parameters  which 
permit  categorical  differences  between  aircraft  to  b>„  accounted  for.  These 
binary  parameters  are  defined  as  "0"  (not  applicable)  for  one  category  and  "1" 
(applicable)  for  the  othe**  category. 

In  an  attempt  to  further  improve  the  statistical  quality  of  various 
prediction  equations,  six  additional  interaction  term  parameters  (96  through 
101)  were  introduced.  These  interaction  parameters  are  formed  by  the  product 
of  an  indicator  parameter  as  it  applies  to  a  given  aircraft  and  a 
design/performance  parameter.  See  Sections  5.5  and  6.1.1  for  a  more  detailed 
explanation  of  the  use  of  indicator  and  interaction  parameters. 
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5.  TECHNICAL  APPROACH 


Statistical  methods  were  used  to  derive  the  “best"  functional  relationship 
between  the  MFHBF  and  aircraft  design/performance  character! sties  for  each 
two-digit  WUC  subsystem  included  in  the  prediction  models.  In  order  to  better 
appreciate  the  methodology  adopted  in  development  of  the  prediction  equations, 
an  understanding  of  the  techniques  employed  in  the  analysis  is  necessary.  An 
overview  of  these  statistical  methods  and  concepts,  as  they  apply  to  the 
development  of  the  Baseline  Reliability  Prediction  Models,  is  presented  in  the 
following  sections. 

5.1  Regression  Analysis.  Regression  analysis,  a  commonly  used 
statistical  technique,  was  the  fundamental  method  used  for  development  of  the 
baseline  MFHBF  prediction  equations.  For  these  equations,  the 

design/performance  parameters  served  as  the  independent  variables  with  the 
dependent  variables  being  either  the  MFHBF  or  the  natural  log  of  the  MFHBF, 
i.e.,  ln(MFHBF) .  A  complete  discussion  concerning  the  use  of  ln(MFHBF)  versus 
the  MFHBF  is  presented  in  Section  6.2. 

For  this  analysis,  the  true  functional  relationship  between  the 
independent  and  dependent  variables  is  assumed  to  be  linear;  i.e.,  the 

equation  is  assumed  linear  in  the  coefficients  of  the  independent  variables. 
The  linearity  constraint  restricts  only  the  form  of  the  coefficients.  The 
independent  variables  can  be  any  known  functional  form  of  other  variables. 
For  example,  ratio',  such  as  Max.  Thrust  to  Max.  Take-Off  Weight,  and  cross 
products,  such  as  (Max.  Speed--Mach  No.)  x  (Type  A  or  B)  are  acceptable 

independent  variables. 

The  primary  goal  of  the  regression  analysis  is  to  derive  the  "best" 

equation  for  prediction  of  the  dependent  variable.  Thus,  the  functional 
relationship  between  the  independent  and  dependent  variables  described  by  the 
equation  is  not  one  of  "cause  and  effect".  The  only  inference  that  can  be 
made  from  the  equation  is  that  the  independent  variables  have  historically 
b^en  good  predictors  of  the  dependent  variable. 
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Mathematically,  it  was  assumed  that  the  MFHBF  or  In(MFHBF)  for  a  given 
two-digit  WUC  subsystem  could  be  represented  by  the  linear  statistical  model: 


V 


J=1 


Vj +  E 


where 


Y  is  the  dependent  variable,  i.e.,  the  MFHBF  or  the  In(MFHBF) 
3^,  . ...,  3^  are  unknown  coefficients 
X^,  Xp  are  independent  variables,  i.e.,  selected 

aircraft  design/performance  parameters, 
and  e  is  the  random  error  or  error  term. 

Then  an  equation  of  the  form 


P 

+  l  My 
i-1  3  1J 


+  e. 


exists  for  the  ith  aircraft  in  the  data  base,  i  -  1,  - ,  n,  so  that  a  system 

of  equations 


fl  ■  Bo  +  l  ejxij  +  €1 

vJ  * 


r 

{  =  +  y  3.x  .  +  e 

n  p0  >i  pj  nj  n 


(5.1) 
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is  obtained.  This  system  of  equations  can  be  solved  to  obtain  estimates  of 
BQ,  B1 ,  ....,  Bp,  say  bQ,  b^,  bp.  The,  MFHBF  prediction 

equation  then  becomes 


¥  ■  bo  +  T,  V) 


(5.2) 


where 


Y  is  the  predicted  MFHBF  or  predicted  In(MFHBF). 

If  Y  =  MFHBF,  the  baseline  MFHBF  for  a  conceptual  aircraft  two-digit  WUC 

subsystem  can  be  predicted  by  substitution  of  its  design/performance  parameter 

values,  (the  X,,  X  )  into  the  prediction  equation.  If  Y  =  In(MFHBF), 

^  ^  P 

the  exponential  of  Y  must  be'  computed  before  the  predicted  baseline  MFHBF  is 
obtained. 

The  initial  solution  to  the  system  of  equations  was  obtained  by  the  method 
of  least  squares.  The  least  squares  technique  derives  as  estimates  of  the 


II  /v 

B-'s,  those  values,  b.  (i=l,  ....,  p) ,  such  that  l  (Y,  -  Y.)2  , 
i  i  M  1  1 


the  sum  of 


squares  of  error,  is  minimized.  In  the  case  of  a  single  independent  variable, 
this  equates  to  fitting  a  line  to  the  data  such  that  the  sum  of  squares  of  the 
vertical  distances  from  data  points  to  the  line  is  minimized. 


In  matrix  notation,  the  system  of  equations  in  Equation  (5.1)  can  be 
expressed  as 


Y 


BqI  +  XB  +  e 


(5.3) 


where 


8q  is  an  unknown  coefficient, 

Y  is  an  nxl  vector  of  dependent  variables, 

T_  is  an  nxl  vector  of  Vs, 

X  is  an  nxp  matrix  of  independent  parameter  values 

expressed  as  deviations  from  the  mean, 

B  is  the  pxl  vector  of  unknown  coefficients,  B^»  8^ 

and  e  is  an  nxl  vector  of  the  error  terms.  By  minimizing 

(Y  -  Y)'(Y  -  Y)  =  j  (Y.  -  Y.)2 

where 

A 

I  =  bQl_  +  Xb,  with  respect  to  bQ  and  b  (estimates  of 

Bq  and  B,  respectively),  the  least  squares  solutions  are  obtained; 

namely, 

bQ  =  Y  (5.4) 

and  b  =  (X1  X)~^  X1  Y_,  where  X1  reads  "X  transpose". 

Besides  minimizing  the  sum  of  squares  of  error  (SSE),  there  are  several 

advantages  associated  with  the  use  of  least  squares  regression.  One  is  the 

computational  ease  in  obtaining  the  estimated  coefficients  b . .  Under  the 

assumption  that  the  error  terms,  e.,  are  normally  distributed  with  mean  zero 
2  1 

and  variance  o  ,  the  following  properties  can  be  derived: 

o  b-'s  are  the  Best  Linear  Unbiased  Estimators  (BLUE)  of  the 
Bi's. 

o  b-'s  are  Maximum  Likelihood  Estimators  (MLE'S)  of  the  B-'s. 


\r/i 


f, 

j. 
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o  Each  b^i  =  0,  1 ,  . . . . , 


p)  is  normally  distributed. 


o  b  =  [b^  b2,  bp]1  is  multivariate  normal  with  mean  B_ 

and  variance-covariance  matrix  (X1  X)  ^  0 


More  important  to  the  development  of  the  Baseline  Reliability  Prediction 
Models  is  the  fact  that  a  basic  problem  often  exists  with  the  least  squares 
coefficients.  When  two  or  more  independent  variables  are  highly  correlated, 
the  term  "multicollinear"  is  used  to  describe  the  data.  When  the  least 
squares  technique  is  applied  to  multicollinear  data,  the  resulting  coefficient 
estimates  are  often  "unstable".  The  addition  or  deletion  of  a  single  data 
point  may  significantly  affect  the  magnitude  and/or  change  the  sign  of 
coefficient  estimates.  These  least  squares  estimates  also  result  in  poor 
predictions  when  using  values  for  the  independent  variables  which  lie  outside 
the  range  of  the  data  base,  and  which  is  expected  in  predicting  notional 
aircraft  baseline  MFHBF.  For  a  more  detailed  discussion  of  multicol 1 ineari ty 
see  Section  5 .6 . 


Due  to  the  instability  in  the  least  squares  coefficients,  biased 
regression  was  used  to  derive  most  of  the  baseline  MFHBF  prediction 
equations.  Biased  regression  techniques  reduce  the  adverse  effects  of  highly 
correlated  variables  and  establish  more  stable  coefficient  estimates.  Details 
of  the  biased  techniques  employed  in  the  analysis  are  outlined  in  Section  5.6. 

5.2  Measures  of  Fit  to  the  Data.  Given  a  prediction  equation  derived 
from  a  regression  analysis,  some  measure  of  how  well  this  equation  fits  the 
observed  data  is  desirable.  Two  statistical  measures,  frequently  used,  are: 
(l)The  coefficient  of  determination,  R^,  and  (2),  the  sum  of  squares  of 
error,  SSE. 

The  coefficient  of  determination  is  the  fraction  of  the  total  variation  in 
the  data  for  the  dependent  variable,  Y,  accounted  for  by  the  prediction 
equation.  The  total  variation,  called  the  total  sum  of  squares  (TSS)  is 
expressed  as 
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where 


n  0—9  ^ 

TSS  =  l  (Y  -  Y)?  =  l  (Y  -  Y)^  +  l  (Y.  -  Y. )‘ 
i=1  1  i  =  l  1  i=l 


Y.  is  the  historical  aircraft  value  for  either  the  MFHBF  or  the 
i 

ln(MFHBF),  depending  upon  the  form  of  the  equation  being  developed, 
Y  is  the  mean  of  the  Y.'s, 

A  1 

Y^  is  the  predicted  value  for  Y..  derived  from  the  prediction  equation, 


n  „ 

I  (Y-  -  Y) 

i-r  1 


is  the  sum  of  squares  acccounted  for  by  the  prediction 


equation;  i.e.,  the  sum  of  squares  due  to  regression,  SSR, 


n  ~  p 

and  l  (Y.  -  Y.)  is  the  sum  of  squares  of  error,  SSE. 
i  =  l  1  1 

The  coefficient  of  determination,  by  definition,  may  be  written: 

n  ^  o 

V  (v  .  T\c 

L  v  ‘  i  •  / 

p2  SSR  i=l 

K  “  TSS  “  n  o 

l  (vi  -  'ir 

i=l  1 

with  0  <_  R  £  1.  The  closer  R“  is  to  1,  the  better  the  fit  of  the 

equation  to  the  data.  Since  the  least  squares  solution  to  a  system  of 

equations  for  a  fixed  set  of  independent  variables  minimizes  SSE,  the  least 

2 

squares  solution  also  maximizes  R  . 


Historically,  the  coefficient  of  determination  has  often  been  used 

2 

improperly.  Through  various  manipulations,  R  values  ranging  between  0  and 

1  can  be  obtained  for  the  same  set  of  data.  If  the  number  of  independent 

variables  is  increased  and  the  number  of  data  points  is  held  constant,  the 
2 

value  of  R  will  increase.  By  increasing  the  number  of  data  points  used  to 

2 

derive  the  prediction  equation,  R  can  be  systematically  increased  or 
decreased  for  a  given  set  of  independent  variables. 


•  ! 


*  i 

» 


4. 


i 


'  i 
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2 

More  importantly,  the  value  of  R  is  a  good  indicator  of  how  well  the 

prediction  equation  is  able  to  predict  only  under  specific  conditions.  If  the 

historical  data  from  which  the  equation  is  derived  is  "typical"  and  if  the 

independent  variable  values  applied  to  the  prediction  equation  are  contained 

2 

within  the  data  space  of  the  historical  variable  values,  R  provides  an 

indication  of  the  equation's  predictive  ability.  Given  the  number  of  aircraft 

available  for  model  development  and  the  possible  difference  in  range  of  some 

notional  aircraft  parameter  values,  the  choice  of  final  baseline  MFHBF 

2 

prediction  equation1,  should  not  be  based  on  R  alone. 

The  sum  of  squares  of  error  (SSE)  is  another  quantity  frequently  examined 

in  connection  with  the  equation's  fit  to  the  data.  As  previously  discussed 

this  value  is  minimized  for  a  fixed  set  of  parameters  by  using  the  least 

2 

squares  coefficients.  As  with  R  ,  the  most  valid  use  of  SSE  is  in 

determining  which  set  of  independent  variables  of  equal  size  provides  the 
"best"  f.it  to  the  data.  Given  the  number  of  data  points  and  independent 
variables  remain  constant,  the  set  of  parameters  associated  with  the  equation 
for  which  SSE  is  minimized,  provides  the  best  fit. 

2 

One  important  difference  between  R  and  SSE  becomes  apparent  in  a 

stepwise  regression  setting.  As  the  system  of  equations  becomes  saturated 

with  an  increase  in  the  number  of  independent  variables  at  each  step,  the 
2 

improvement  in  R  becomes  increasingly  small.  At  a  given  step,  where  a 

2 

minimal  increase  in  R  is  shown,  a  substantial  decrease  in  SSE  can  still  be 

2 

reflected.  Thus,  both  SSE  and  R  require  simultaneous  examination  in 

determining  the  equation's  fit  to  the  data. 

5.3  Stepwise  Regression.  A  variety  of  techniques  have  been  developed  for 
the  selection  of  independent  variables  for  use  in  regression  analysis.  Some 
of  the  more  commonly  used  techniques  include  determination  of  an  optimal 
subset,  backward  elimination,  and  forward  selection. 

Forward  selection  was  the  stepwise  procedure  used  in  development  of  the 
8aseline  Reliability  Prediction  Models.  This  variable  selection  routine  is 
especially  well  suited  to  regression  analyses  where  the  number  of  independent 
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I 


variables  of  interest  is  greater  than  the  number  of  available  data  points.  In 
the  forward  selection  or  "step-up"  procedure,  independent  variables  are 
introduced  into  the  equation  one  at  a  time.  At  each  step,  the  variable  which 
produces  the  greatest  increase  in  SSR,  given  the  previously  chosen  variables 
are  included  in  the  equation,  is  added. 

Suppose,  for  example,  p  independent  variables  are  to  be  used  to  form  a 
prediction  equation.  To  choose  p  variables  from  a  set  of  q  (>p)  possible 
variables: 

Step  1:  Compute  SSR  ( X . )  (The  sum  of  squares  due  to  regression  using 
one  independent  variable)  for  i  =  1,  2,  ....,  q. 

Find  the  maximum  value  of  SSR  (X^). 

Include  the  corresponding  X.  in  the  prediction  equation. 

Step  2:  Compute  SSR  (X-X.)  for  j  =  1,  2,  ....  q,  j  iM. 

'  J 

Find  the  maximum  value  of  SSR  (X.X.). 

'  J 

Include  the  corresponding  X-  in  the  prediction  equation. 

J 

Step  3:  Compute  SSR  (X-X^X^)  for  k  =  1,  2,  ....,q,  kjM,  kj*j. 

Find  the  maximum  value  of  SSR  (X^X^X^). 

Include  the  corresponding  X^  in  the  prediction  equation. 


j 

'  •  The  process  continues  'unti 1  Step  p,  where  the  last  independent  variable  is 

'  ■  chosen. 

1 

t 

As  with  all  stepwise  techniques,  the  forward  selection  procedure  has  some 
■  shortcomings.  First,  the  technique  does  not  compenstate  for 
multicol 1 ineari ties  in  the  data.  Vlhen  two  or  more  highly  correlated  variables 

r 

1 

I 

r 
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exist  in  the  data,  often  only  one  of  the  variables  will  be  added  to  the 
prediction  .equation.  In  the  Baseline  Reliability  Prediction  Models,  this  may 
result  in  the  selection  of  a  less-logical  parameter  from  an  engineering 
standpoint.  Secondly,  once  an  independent  variable  has  been  chosen,  no 
re-evaluation  of  this  variable's  relative  contribution  to  the  equation  is 
made.  ‘*!ijeceus£  of  multicol  1  ineari ties,  as  additional  choices  are  made,  the 
early  selections  often  do  little  to  enhance  the  prediction  equation's  fit  of 
the  data;  that  is,  a  different  subset  of  the  same  size  using  other  possible 
combinations  of  variables  would  form  a  "better"  equation.  Thus,  the 
parameters  chosen  through  the  forward  selection  process  may  not  form  an 
optimal  group  of  independent  variables  for  equation  development. 


5.4  Correlation  Analysis.  In  correlation  analysis,  the  degree  of  linear 
association  between  the  variables  is  determined.  The  primary  statistic  used 
in  correlation  analysis  is  the  correlation  coefficient,  r.  The  correlation 
coefficient  estimates  the  true  degree  of  association  between  two  variables,  u 
ana  v,  using  the  sample  values  (u^  v^),  (u2,  v^),  (un,  vn). 


Mathemat ical ly, 
n  n 


r  = 


n  (i,  Vi>  -  <4,  ui>  <4,  vd 


I  n  ;  n - ; - n - ; - n - r- 

[n(  l  u  2)  -  (  l  u. )2][n(  l  v  2)  -  (  l  v,)2] 

1  i=l  1  i=l  1  1=1  1  1=1  1 


(5.5) 


This  statistic  ranges  in  value  from  -1  to  1,  inclusive.  If  the  absolute  value 
of  r,  I r  (  ,  is  close  to  1,  the  variables  are  said  to  be  highly  or  strongly 
correlated.  If  |r|  is  close  to  0  the  variables  are  said  to  be  weakly 
correlated.  For  the  simple  linear  prediction  equation, 

*  *  b0  +  V- 

2  2 
the  value  r  is  precisely  the  coefficient  of  determination,  R  . 

In  development  of  the  Baseline  Reliability  Prediction  Models,  correlation 
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uiialysis  was  used  to  identify  independent  variables  for  which  there  was  a 
strong  degree  of  linear  association.  If  the  absolute  value  of  the  correlation 
between  two  independent  variables,  and  X^,  is  close  to  1,  these 

aircraft  characteristics  are  considered  to  be  "statistically  equivalent".  If 
both  of  these  variables  appear  in  the  same  prediction  equation,  the  data  is 
said  to  be  mult i col  linear. 

Correlation  analysis  was  also  used  to  identify  aircraft  characteristics 
which  are  potentially  important  predictors  of  the  MFHBF  or  the  ln(MFHBF).  If 
the  dependent  variable,  Y,  and  independent  variable,  X^,  are  strongly 
correlated,  X.  may  be  a  good  variable  to  include  in  the  prediction 
equation.  In  the  step-up  regression  procedure,  the  first  independent  variable 
chosen  is  the  variable  which  is  most  highly  correlated  with  Y. 

2 

Like  R  and  SSE,  the  implications  of  highly  correlated  variables  need  to 
be  understood.  The  correlation  coefficient  measures  only  the  degree  of 
association  between  two  variables  and  is  not  the  foundation  for  a  "cause  and 
effect"  argument. 

Knowledge  of  the  correlation  between  the  dependent  variable,  Y,  and  each 
independent  variable,  X^,  alone  does  not  indicate  which  independent 
variables  will  form  the  best  prediction  equation.  In  fact,  the  set  of 
variables  most  highly  correlated  with  Y  is  not  likely  to  be  the  best  set  of 
independent  variables  for  the  prediction  equation.  Examination  of  only  the 
correlation  coefficients  between  Y  and  the  X^'s  does  not  take  into  account 
the  relationships  between  the  X.'s.  It  may  be  that  some  of  the  X^'s 
themselves  are  strongly  correlated  and  the  inclusion  of  all  of  the  variables 
would  be  statistically  redundant. 

5.5  Indicator  Variables  and  Interaction  Terms.  Two  special  types  of 
independent  variables,  indicator  variables  and  interaction  terms,  were  used  in 
the  later  stages  of  the  development  of  the  Baseline  Reliability  Prediction 
Models.  While  the  use  of  these  variables  in  a  baseline  MFHBF  prediction 
equation  is  straight  forward,  their  structure  and  purpose  is  somewhat 
different  from  the  usual  quantitative  variable. 


sasSZ^r*"*™ 1  4  wwi 
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Indicator  or  "dummy"  variables  permit  categorical  differences  between 
aircraft  to  be  accounted  for.  Numerically,  the  dummy  variable  is  binary; 
i.e.,  defined  to  be  "0"  for  one  category  and  "1"  for  the  other  category. 


Mathematically,  the  use  of  an  indicator  variable  results  in  two  possible 
values  for  the  'leading  constant  of  a  given  prediction  equation.  For  example, 
suppose  the  final  form  of  a  prediction  equation  is 


Y  =  bfl  +  b-j  X  -j  +  b2X2  + 


+  bA 

P  P 


Let  X-|  be  an  indicator  variable  defined  as 


fl,  if  the  aircraft  belongs  to  Category  1 

X1  = 

(_0,  if  the  aircraft  belongs  to  Category  2 

with  Categories  1  and  2  being  dichotomous  classifications  for  all  aircraft 
under  consideration.  If,  in  applying  the  prediction  equation,  the  aircraft 
belongs  to  Category  1,  the  equation  becomes 

Y  =  (bQ  +  b^  +  b2X2  ....  +  bpXp. 

Otherwise,  the  equation  becomes 

Y  =  bn  +  bpX9  +  ....  +  b  X  . 

0  2  2  p  p 

In  the  case  of  a  simple  linear  prediction  model,  these  equations  would 
appear  graphically  as  parallel  lines.  Suppose,  for  instance,  that  the  final 
baseline  MFHBF  prediction  equation  for  WUC  XX000  is 

Y  =  13.56  -  6 .22X-J  +  0.60X2 
where  Y  =  MFHBF 

X-j  =11,  if  the  aircraft  is  Type  B 
(0,  if  the  aircraft  is  Type  A 
X2  =  Minimum  Combat  Mission  Time 
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1  hen,  for  B  aircraft,  the  predicted  value  for  the  baseline  MFHBF  is 

obtained  by  substituting  the  minimum  combat  mission  time  into  the  equation 

MFHBF  =  (13.56  -  6 .27.)  +  0.60  x  (Min.  Combat  Mission  Time) 

=  7.34  +  0.60  x  (Min.  Combat  Mission  Time) 

For  Type  A  aircraft  the  prediction  equation  becomes 

MFHBF  =  13.56  +  0.60  x  (Min.  Combat  Mission  Time) 

The  graph  of  these  prediction  equations  is  shown  in  Figure  5-1. 

In  the  Baseline  Reliability  Prediction  Models,  the  distinction  between 
marine  assault  and  non-marine  assault  rotary  wing  aircraft  and  oetween  Type  A 
and  Type  B  fixed  wing  aircraft,  for  example,  were  incorporated  into  selected 
baseline  MFHBF  prediction  equations  through  the  use  of  indicator  variables. 

An  interaction  term  is  used  when  the  linear  effect,  i.e.,  the  slope  of  a 
continuous  or  quantitative  variable,  X^,  is  not  the  same  for  the  two 
classifications  of  an  indicator  variable,  X^.  The  interaction  term  is 
formed  oy  taking  the  product  of  the  indicator  variable,  'Xp  and  the 
continuous  variable,  X^.  When  an  interaction  term  is  used  in  a  prediction 
equation,  ootn  the  indicator  variable  and  the  continuous  variable  for  which 
the  linear  effect  ci i .  ers  also  appear  as  independent  variables. 


By  including  an  indicator  variable  and  an  interaction  term  in  a  prediction 
equation,  two  values  for  the  leading  constant  and  the  coefficient  of  the 
quantitative  variable,  are  possible.  Suppose,  for  example,  the  final 
form  of  a  prediction  equation  is 


Y  =  bU  +  blXl  +  b2X2  +  bl,2XlX2  +  b3X3  +  "**  +  Vp 


..nere 


1,  if  the  aircraft  belongs  to  Category  1 
|_0,  if  the  aircraft  belongs  to  Category  2 


mdicatoi  variable, 
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Figure  5-1.  Graphical  Representation  of  indicator 
Variable  Effects  in  a  Prediction  Equation 


X2  i5>  ^  continuous  independent  variable, 


i X^n  ^  the  aircraft  belongs  to  Category  1 


=  interaction  term. 


(0,  if  the  aircraft  belongs  to  Category  2  J 
For  an  aircraft  belonging  to  Category  1,  the  prediction  equation  becomes 

Y  =  (bQ  +  b-|)  +  (b2  +  b^2)X2  +  b3X3  + -  +  bpXp. 

For  an  aircraft  belonging  to  Category  2,  the  prediction  equation  becomes 

Y  =  bQ  +  b2X2  +  b3X3  +  ....  +  bpXD. 

Thus,  the  constant  in  the  equation  is  either  (bg  +  b^)  or  bg  and  the 
coefficient  of  X2  is  either  (b2  +  b-j  2)  or  b2> 

If  only  one  continuous  independent  variable  X9  is  used  in  the  equation, 

s\  C. 

i.e.,  Y  =  bg  +  b-jX-|  +  b2X2  +  b^  2xix2*  the  e(l"ations  would 

appear  graphically  as  two  lines  with  distinct  slopes  and  intercepts. 

Continuing  with  the  previous  numerical  example,  suppose  the  baseline  MFHBF 
prediction  equation  for  WUC  XX000  is 


Y  =  13.56  -  6 .22X-J  +  0.60X2  +  (MSXjXg. 


MFHBF , 

1,  if  the  aircraft  is  Type  B 
0,  if  the  aircraft  is  Type  A, 
Minimum  Combat  Mission  Time, 


X2,  if  the  aircraft  is  Type  B 
0,  if  the  aircraft  is'  Type  A. 


i  f 
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For  Type  B  aircraft,  the  predicted  baseline  MFHBF  is  obtained  by  substitution 
of  the  minimum  combat  mission  time  into  the  equation 

MFHBF  =  (13.56  -  6.22)  +  (0.60  +  0.45)  x  (Min.  Combat  Mission  Time) 

=  7.34  +  1.05  x  (Min.  Combat  Mission  Time) 

For  Type  A  aircraft,  the  predicted  baseline  MFHBF  is  obtained  from  the  equation 
MFHBF  =  13.56  +  0.60  x  (Min.  Combat  Mission  Time). 

Figure  5-2  graphically  displays  these  two  prediction  equations. 

In  the  above  discussion,  the  most  simple  use  of  these  variables  was 
presented.  In  more  complex  situations,  more  than  one  indicator  variable 
and/or  interaction  term  will  appear  in  the  prediction  equation.  While  the 
continuous  variable,  X£,  must  be  present  when  the  associated  interaction 
term  is  used  in  an  equation,  the  indicator  variable  is  not  required.  Without 
the  indicator  variable  present,  two  equations  with  different  slopes  and  a 
common  intercept  will  oe  formed. 

The  use  of  these  variables  should  be  restricted  to  situations  where  there 
is  a  clear  indication  for  their  need.  The  required  increase  in  the  number  of 
independent  variables  for  the  equation  will  sometimes  prohibit  the  use  of 
these  terms.  When  very  little  data  is  available  for  development  of  a 
prediction  equation,  it  is  unlikely  that  two  distinct  trends  in  the  data  will 
be  apparent.  Because  the  interaction  term  and  continuous  variable  are  highly 
correlated,  multicol 1  inear  data  will  result  from  the  inclusion  of  the 
interaction  term. 

5.6  Multicollinearities  and  Biased  Regression.  Multicol 1  inear i ty  has 
already  oeen  identified  in  earlier  discussions  of  other  regression  analysis 
techniques  as  a  potential  source  of  many  problems.  Therefore,  the  questions 
which  need  to  be  addressed  are:(l)  "What  does  it  mean  for  the  data  to  be 
multicollinear?",  (2)  "How  do  you  detect  multicollinearities?";  and  (3)  "What 
do  you  do  about  them?" 

A  multicollinearity  is  said  to  exist  if  any  independent  variable  is  nearly 
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a  linear  function  of  other  independent  variables  in  a  regression  model.  That 
is,  given  the  statistical  model 


Y  = 


e0  ♦  .It  ft,Xj  ♦  e. 


there  exists  a  set  of  constants  a^,  1*1, 
not  all  zero,  such  that 


xj 


l  a„X9 

SL=  1  "  ~ 


for  some  j  =  1,  p.  Applying  this  notation  to  the  system  of  equations  in 

Equation  (5.1), 


xij 


l  Vu 
11=1  ’• 111 

if  it 


for  i =1 ,  . . . ,  n 


or 


P 

l  a?X, 

&=1 

m 


(5.6) 


where 


1 

X 

O. 

J 

xu 

y 

and  X£  = 

• 

* 

Xn£ 

An  equivalent  expression  for  Equation  (5.6)  would  be 


l  a.X.  =  0,  where  0  is  the  null  vector. 
j=l  J  J 


16Q 


Recalling  the  matrix  notation  of  Eouation  r5.2)  for  the  system  of 
equations,  this  implies 

Xa  *  0,  where  a  =  [a^  a^,  - -  a  ]>  . 

Preuiu ltiplying  by  the  transpose  of  Xa, 

a'  X'Xa  ~  0,  which  implies  X’Xa  =  0  . 

Recalling  the  relationship  between  latent  roots  and  latent  vectors,  X'Xa  = 

A -a,  it  follows  that  X 1 X  has  a  very  small  latent  root,  a-- 
0  J 

As  discussed  in  Section  5.1,  the  least  squares  estimate  of  r»  the  vector 

_T 

of  coefficients  for  the  model,  is  given  by  b  =  (X'X)  X'Y.  The 

“  _1  2 

variance-covariance  matrix  of  the  coefficient  estimates,  Var(b)  =  (X'X)  o  . 
Rewriting  X'X  in  terms  of  its  latent  roots  and  vectors,  X'X  =  CaC'  where 
C  =  ( £ i ,  ....  C]  is  a  pxp  matrix  of  the  normalized  latent  vectors  of  X'X  and  A 
is  a  diagonal  matrix  of  the  latent  roots  of  X'X.  Then 


(X  X)' 


(CAC  )‘ 


-1  1 
=  CA  ‘C 


P 

l 

j  =  l 


rV  C.C. 
-J-J 


Using  this  form  for  the  variance-covariance  matrix, 


Var(b)  =  o2  \  X  C -C ' 
j=1  J  J  J 


(5.7) 


VarU>.)  a  2  l  ,  for  i=l,  ...,  p  . 

j=l 

ii  A.  is  small,  at  least  one  of  the  estimated  coefficients,  b..  will 
iiavy  a  large  variance. 


Inns,  the  pms-nce  of  multicollinearity  in  the  data  implies  that  at  least 


one  "near  perfect"  linear  relationship  exists  between  two  or  more  independent 
variables.  These  relationships  result  in  the  matrix  X 1 X  having  small  latent 
roots,  one  for  each  multicollinearity.  In  turn,  these  small  latent  roots 
result  in  large  variances  for  some  of  the  least  squares  estimates  of  the  B-j's 

Because  the  b.'s  have  such  large  variance,  often  these  coefficients  are 

poor  estimates  of  their  respective  B^'s.  The  estimated  coefficients  may 
even  have  the  wrong  sign.  If  the  prediction  equation  is  used  for 

extrapolation,  the  predicted  value  of  Y,  Y,  is  likely  to  be  unreasonable.  The 
large  variance  creates  such  instability  that  the  addition  or  deletion  of  a 
single  data  point  can  result  in  a  significant  change  in  the  magnitude  and/or 
sign  of  the  coefficient. 

A  variety  of  techniques  are  used  to  detect  the  presence  of 

multicol linearities.  Correlation  coefficients  identify  simple  pairwise 
multicollinearities;  that  is,  multicollinearities  of  the  form,  Xj  z 
akXk,  where  Xj  and  Xk  are  independent  variables  and  ak  is  a  non-zero 
constant.  If  X-  and  X.  are  highly  correlated,  then  they  are  also  said  to 

J  * 

be  multicol 1  inear.  More  complex  relationships  are  not  always  apparent  from 
the  use  of  correlation  analysis. 

Examination  of  the  latent  roots  and  latent  vectors  of  X 1 X  provide  the  best 
and  most  complete  diagnosis  of  multicollinearities.  If  a  latent  root  A.  is 

J 

small,  the  corresponding  latent  vector  C-  tells  which  variables  are  involved 
based  on  the  magnitude  of  each  element  in  the  latent  vector.  As  the  number  of 
independent  variables  increases,  the  latent  vector  is  almost  impossible  to 
interpret. 

Still  another  technique  makes  use  of  the  matrix  (X'X)"^  itself. 

-1  2 

Recalling  that  (X'X)  o  is  the  variance-covariance  matrix  of  the  vector  of 
coefficients,  b,  the  diagonal  elements  of  ( X 5 X) ~ ^  are  a  multiple  of  the 
variances  of  the  b.'s.  These  diagonal  elements,  referred  to  as  the  Variance 
Inflation  Factors  (VIF's),  indicate  not  only  which  x^  are  involved  in  a 
multicollinearity,  but  also  which  0..  may  be  poorly  estimated.  More 


precisely,  if  the  ith  diagonal  element  of  (X'X)’^  is  large,  then  X •  is 
involved  in  a  multicollinearity;  and  if  X^  is  involved  in  a 

multicollinearity,  then  b-  may  be  a  poor  estimate  of  The  VIF's  do  not 

reveal  which  combination  of  variables  actually  form  the  multicollinearities. 

In  the  forward  selection  of  variables,  the  addition  of  a  variable  involved 
in  a  multicollinearity  with  the  previously  selected  variables  is  reflected  in 
the  t-statistics  for  each  independent  variable  of  the  equation.  Any  radical 
change  in  the  relative  size  of  the  t-statistics,  from  the  previous  step,  would 
indicate  an  independent  variable's  involvement  in  a  multicollinearity.  As 
this  indication  is  only  a  byproduct  of  the  selection  process,  this  form  of 

analysis  is  only  partial.  Often  variables  which  are  highly  correlated  with 
the  previously  selected  variables  will  not  even  be  entered  into  the  prediction 
equation. 

The  course  of  action  taken  in  the  case  of  multicol  1  inear  data  depends  on 
both  the  nature  of  the  multicollinearities  and  the  ultimate  use  of  the 

prediction  equation.  It  has  been  shown  that,  provided  the  prediction  equation 
is  used  with  data  which  remains  within  the  range  of  that  used  to  derive  the 
coefficients,  there  is  no  problem  in  using  the  least  squares  coefficients.  In 
other  words,  the  least  squares  prediction  equation  predicts  well  using  data 
values  similar  to  those  used  for  equation  development.  If  extrapolation  is 
likely,  it  is  sometimes  possible  to  eliminate  the  multicollinearity  by 
dropping  the  related  variables  from  the  equation.  If  the  form  of  the 

multicollinearity  is  simple,  i.e.,  X-  ~  a.X-,  elimination  of  one  of  the 

*  J  \J 

variables  will  enable  better  estimates  of  the  coefficients  to  be  obtained  If 

the  form  is  more  complex,  elimination  of  ail  related  variables  will  not  only 

reduce  the  number  of  independent  variables  substantially,  but  also  the  quality 
of  the  fit  to  the  data.  In  other  situations,  the  multicollinearity  is  "built 
in".  For  example,  if  an  interaction  term  is  used,  the  associated  independent 
variable  will  also  appear  in  the  equation.  The  two  variables  will  be  highly 
correlated  and  neither  can  be  dropped  from  the  equation.  When  physical  or 

mathematical  constraints  necessitate  the  use  of  multicoll inear  independent 
variables,  biased  estimation  is  the  best  means  of  dealing  with  the 
multicollinearity. 
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Biased  estimation  procedures  address  the  problem  of  poor  estimate  which 
result  from  multicol 1  inear  data.  These  procedures  minimize  the  effect  of 

linear  relationships  among  the  independent  variables  and  develop  a  set  of 

stable  coefficient  estimates.  Through  the  use  of  biased  regression,  biased 

estimates  of  the  £^'s  are  obtained  which  have  reduced  variances.  Figure  5-3 
shows  the  nature  of  the  differences  between  the  least  squares  or  unbiased 
estimate  of  £.(b.)  and  the  biased  estimate  of  ^.(b*^)  with  respect  to 
their  distributions.  With  the  decreased  variance,  the  biased  estimates  are 

more  stable  and  better  for  predicting  outside  the  range  of  the  data  base. 

Mathematically,  the  biased  techniques  involve  artificially  manipulating 

the  Aj 1  s,  the  latent  roots  of  the  matrix,  X'X.  Recalling  that  X ' X  can  be 

expressed  as  cAC  where  C  =  [Cp  3  is  the  matrix  of  normalized 

latent  vectors  and  A  is  a  diagonal  matrix  of  latent  roots,  A.,  X ' X=C AC '  is 

replaced  with  (X'X)  =  C  A  C'  where  A  is  a  diagonal  matrix  of  adjusted 
Tatent  roots,  A  ..  The  vector  of  the  coefficient  estimates  then  becomes 

J 


versus 


b*  =  [(X'X)*]"1  X'Y 


b  =  (X'X)"  X'Y  which  is  the  least  square  estimate  £. 


(5.8) 


It  can  be  shown  that  the  variance-covariance  matrix  of  b  is 


Var(b  )=  od  l 


L  ,  *  ,9 

j  =  l  (A  . ) 2  3  3 


(5.9) 


liquation  (5.7)  has  shown  the  variance-covariance  matrix  of  b  to  be: 

p 

Var(b)  =  o2  l  j-C.C.'  . 

j=l  AJ  3  3 


So  if  A-* >  Aj  for  all  then  for  i  =  1,  ....,  p, 

J  I  J  4. 


Var  ( 0 j )  <  Var  (b- ) , 


173 


where 


Var  (b*)  is  the  ith  diagonal  element  of  Var  (b*) 
and  Var  (b^)  is  the  ith  diagonal  element  of  Var  (b) . 


★  .  , 

To  find  an  expression  for  the  bias  of  b  ,  a  change  in  notation  is 
required.  Since  the  latent  vectors  of  X * X,  the  £.‘s,  form  a  basis  in 

vJ 

p-space,  an  equivalent  expression  for  the  vector  of  unknown  coefficients  is 


P 

0  =  y  a.C.  ,  where  the  a.  are  appropriately  chosen  constants. 
-  j=l  J  J  J 

* 

Then  the  expected  value  of  Jb  can  be  expressed  as 


E(b*) 


!  4c 

j=l  A 


j 


(5.10) 


So,  the  bias  of  b  , 


Bias  (b*)  =  0  -  E(b*) 


P  /  A  . 

‘ M' 


(5.11) 


It  follows  tlifn  that  if  a*  =  Xji  as  in  the  least  squares  estimates,  the 
Bias  (b*)  =  Bias  (b)  =  0.  This  again  points  out  that  the  least  squares 
estimates  are  also  unbiased  estimates. 


Important  relationships  exist  between  the  A  ^'s  and  the  bias  of  the 

k  k  J 

b.'s.  As  the  size  of  the  A  /  s  increase,  the  variance  of  the 
1  J  * 

b.'s  decrease,  while  the  bias  of  the  b.'s  increase.  Thus,  larye 
values  for  the  A  - ' s  will  produce  as  small  a  variance  as  desired;  but  this 

J 

will  happen  at  the  cost  of  an  excessive  amount  of  bias  in  the  estimates  of  the 
coefficients.  Because  of  the  bias,  the  difference  between  tne  values  of 

■k 

the  A  s  used  In  practice  and  the  latent  roots,  the  A.'s,  relatively  small. 
J  J 


f he  spe  itic  type  of  biased  •> ,c untor  used  in  the  d-'  ’•  r  nt  ol  the 


1 7rj 


Baseline  Reliability  Prediction  Models  was  the  ridge  estimator.  Ridge- 
regression,  which  has  been  widely  used  throughout  industry,  requires  the  use 
of  only  one  additional  parameter,  k.  The  specific  choice  of  k  depends  on  the 
degree  of  multicol  I inearity  in  the  data.  The  precise  form  of  the  ridge 
estimator,  b,  is 

b  =  (X'X  +  kl)-1  X'Y, 

where  X  and  Y  are  as  defined  in  Equation  (5.3), 

I  is  the  pxp  identity  matrix, 
and  k  is  a  constant,  k  >_0. 

Comparing  this  with  the  least  squares  estimator,  b,  X'X  has  been  replaced  by 
(X'X  +  kl).  Recall  tnat  an  alternative  expression  for  X'X  is  CAC',  and  since 
C  is  a  matrix  of  the  normalized  latent  vectors  of  X'X,  CC'  =  I.  Thus 
X'X  +  kl  =  CAC'  +  kCC '  =  C  [A+kI]C  =  CA*C'  =  (X'X)* 

k 

where  A  =  A  h  kl . 

This  implies  that  the  ridge  estimator 

b  =  (X'X  +  kl)-1  X'Y 

is  simply  a  special  case  of  the  general  biased  estimator 

b*  =  C(X'X)*]1  X'Y. 

★ 

As  the  diagonal  matrix  A  =  A  +  kl  for  the  ridge  estimator,  the  adjusted 

latent  roots,  \  ■ ,  are  equal  to  the  latent  roots  of  X'X  plus  a  constant; 
*  *  J 

i.e.,  \  z  +  k  for  j  =  1,  ....,  p. 

j  J 

~k 

Substituting  A.  -  X.  +  k  into  Equations  (5.9),  (5.10)  and  (5.11), 

J  J  ^ 

it  immediately  follows  that  the  variance-covariance  matrix  of  b  is 
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Oust  as  the  ridge  estimator  can  be  thought  of  as  a  special  case  of  the  biased 
estimator,  the  least  squares  estimator  can  be  thought  of  as  a  special  case  of 
the  ridge  estimator;  namely,  when  k  =  0. 

The  procedure  followed  in  ridge  regression  calls  for  determining  an 
appropriate  value  for  k.  This  is  done  through  examination  of  the  ridge 
estimators  for  various  choices  of  k.  The  usual  procedure  is  to  determine  the 
smallest  value  of  k  for  which  the  coefficient  estimates  have  stabilized. 
Since  the  bias  increases  as  A.  =  X-  +  k  increases,  the  smallest  value 

J  J 

of  k  will  add  the  least  amount  of  bias  to  the  estimates.  If  the  homogeneity 
of  the  data  is  in  question,  a  larger  choice  of  k  is  often  used  to  provide 
additional  stability  to  the  coefficients. 

The  most  widely  used  procedure  for  determining  k  involves  a  ridge  trace. 
A  ridge  trace  is  a  graph  of  the  standardized  coefficient  estimates  of  the 
prediction  equation  for  various  values  of  k,  starting  with  k  =  0,  or  the  least 
squares  estimates.  The  point  at  which  the  relative  change  in  the  standardized 
coefficients  is  considered  minor;  i.e.,  the  coefficients  have  stabilized, 
determines  the  choice  for  the  value  of  k.  Figure  5-4  shows  the  ridge  trace 
for  the  coefficients  of  the  independent  variables  used  in  the  final  baseline 
MFHBF  prediction  equation  of  WUC  61000  for  fixed  wing  aircraft. 

The  amount  of  change  in  the  standardized  coefficient  values,  as  k 
increases,  depends  upon  the  degree  of  multicollinearity  in  the  data.  If  the 
data  is  highly  multicollinear,  a  radical  change  in  the  standardized 
coefficients  will  occur,  resulting  in  a  relatively  large  value  of  k.  If  the 
data  is  only  slightly  multicollinear,  very  little  change  will  occur,  resulting 
in  a  very  small  value  of  k. 

While  examination  of  the  ridge  trace  is  the  most  widely  used  approach  to 
determining  k,  the  time  involved  in  graphing  the  standardized  coefficients  is 
prohibitive  when  many  independent  variable  combinations  are  to  be  considered. 
Therefore,  a  more  quantitative  approach  to  choosing  k  was  used  in  developing 
the  baseline  MFHBF  prediction  equations. 

One  quantitative  approach  involved  the  use  of  the  Variance  tn-'i.»v.  " 
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Figure  5-4.  Ridge  Trace  -  WUC  61000  For  Fixed  Wing  Aircraft 


Factors  (VIF's)  associated  with  each  of  the  coefficient  estimates.  In  the 
discussion  of  multicollinearities,  the  Variance  Inflation  Factors  were 
described  as  indicators  of  the  presence  of  multicollinear  data.  This 
utilization  of  the  VIF's  can  be  extended  to  assist  in  the  choice  of  k.  In  a 
ridge  regression  setting  the  VIF's  are  used  as  indicators  of  the  stability  of 
the  estimates  for  a  given  choice  of  k. 

A  substantial  amount  of  research  has  been  done  concerning  the  use  of  the 
VIF's  for  determining  k.  The  results  indicate  that  if  the  maximum  Variance 
Inflation  Factor,  associated  with  the  ridge  estimates  for  a  given  k,  is  less 
than  or  equal  to  ten,  the  coefficients  are  sufficiently  stable.  The  general 
procedure  is  to  examine  the  VIF's  of  the  ridge  coefficient  estimates  for 
various  values  of  k.  The  smallest  k,  for  which  all  VIF's  are  less  than  or 
equal  to  ten,  is  the  appropriate  choice  for  k. 

In  Table  5-1,  the  Variance  Inflation  Factors  corresponding  to  the 

coefficients  of  the  ridge  trace  (Figure  5-4)  are  presented.  By  choosing  k  = 
0.015,  using  the  VIF  criteria,  a  reasonable  degree  of  stability  in  the 

coefficients  is  achieved,  as  shown  in  the  ridge  trace. 

Another  alternative  to  the  use  of  the  ridge  trace  involves  calculating  the 
choice  of  k.  This  computed  k-value  is  used  when  the  set  of  data  used  for 

development  of  the  equation  may  not  be  homogenous.  The  philosophy  is  that  a 
larger  value  of  k  should  be  used  because  of  the  greater  variation  in  the 

data.  The  choice  of  a  larger  k  will  add  additional  stability  to  the 

coefficients,  which  should  offset  the  variation  in  the  data.  So,  given  a  less 
compatible  set  of  data  points,  reasonable  predictions  can  still  be  obtained. 

The  formula  for  computing  k  is: 


k  = 


p  ? 

I  bi2 

i=l  1 


where  b^,  for  i  =  1  .. 


(5.12) 


p,  is  the  standardized  least  squares  estimate  for 
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TABLE  5-1.  VARIANCE  INFLATION  FACTORS  FOR  k  =  .0000 
THROUGH  .0225  FOR  BASELINE  MFHBF  PREDICTION  EQUATION  - 
WUC  61000  FOR  FIXED  WING  AIRCRAFT 


STANDARDIZED 

COEFFICIENT 

ESTIMATE 

VARIANCE 

INFLATION  FACTORS 

k  =  .0000 

k  =  .0025 

k  =  .0050 

k  =  .0075 

k  =  .0100 

bl 

1.124 

1.115 

1.106 

1.098 

1.090 

t>2 

1.967 

1.897 

1.852 

1.817 

1.787 

b3 

2.340 

2.072 

1.928 

1.837 

1.771 

b4 

20.832 

15.033 

11.831 

9.770 

8.316 

t>5 

59.948 

36  .475 

25.042 

18.532 

14.427 

b6 

61.202 

36.838 

25.042 

18.375 

14.198 

b? 

18.621 

13.235 

10.319 

8.476 

7.193 

STANDARDIZED 

VARIANCE 

INFLATION 

FACTORS 

COEFFICIENT 

ESTIMATE 

k  =  .0125 

k  =  .0150  k 

=  .0175 

k  =  .0200 

k  =  .0225 

bl 

1.083 

1.076 

1.069 

1.062 

1 .055 

b2 

1.760 

1.736 

1.712 

1.690 

1.668 

b3 

1.721 

1.679 

1.643 

1.612 

1.583 

b4 

7.227 

6.377 

5.694 

5.134 

4.665 

b~5 

11.644 

9.655 

8.175 

7.037 

6.140 

b~6 

11.387 

9.392 

7.916 

6.788 

5.905 

b~7 

6.249 

5.510 

4.925 

4.447 

4.049 

180 


A  2 

0  .,  p  is  the  number  of  independent  variables  used  in  the  equation,  and  a 
1  2 

is  the  estimator  for  the  variance,  a  .  In  general,  as  the  data  becomes  less 
homogeneous  or  the  equation's  fit  to  the  data  becomes  worse,  the  larger  the 
value  of  the  computed  k.  If,  however,  the  number  of  independent-  variables 
used  in  the  prediction  equation  is  small  relative  to  the  number  of  data 
points,  the  computed  k-value  is  sometimes  found  to  be  unreasonably  large  or 
small.  To  avoid  the  use  of  an  unreasonable  value  for  k,  the  k-value  chosen 
using  the  VIF  rule  should  also  be  examined. 

Ridge  regression  effectively  accomplishes  the  purpose  for  which  it  was 

designed;  namely,  to  reduce  the  effect  of  multicollinearities  through 

estimated  coefficients  with  smaller  variance.  This  gain  in  the  stability  of 

the  coefficients,  however,  is  not  without  cost.  The  use  of  ridge  or  any 

biased  technique  will  result  in  an  increase  in  the  sum  of  squares  for  error, 

2 

SSE,  and  a  decrease  in  the  coefficient  of  determination,  R  .  Since  these 
two  statistics  measure  the  optimal  properties  of  .a  least  squares  solution, 
this  is  not  surprising.  Provided  the  decrease  in  R  and  increase  in  SSE  are 
not  excessive,  the  additional  predictive  ability  obtained  from  the  biased 

equation  is  usually  worth  the  sacrifice  in  these  two  measurements. 


6.  PREDICTION  MODEL  DERIVATION 


Investigation  of  the  functional  form  of  each  equation,  the  aircraft 
characteristics  chosen  as  predictor  variables,  the  historical  aircraft  used  to 
derive  the  equations,  and  the  method  of  estimating  coefficients  was  required 
during  development  of  the  prediction  models.  The  discussion  in  Section  6.1 
pertains  to  the  formulation  and  development  of  the  models  to  their  final 
form.  Sections  6.2,  6.3,  and  6.4  present  procedures  used  throughout  the 
development  to  arrive  at  the  equations  which  form  the  Baseline  Reliability 
Prediction  Models. 

6.1  Model  Concept  Formulation  and  Development.  The  Baseline  Reliability 
Prediction  Models  were  developed  to  predict  the  MFHBF  of  notional  aircraft. 
It  was  determined  at  the  outset  that  each  model  would  consist  of  a  set  of 
prediction  equations.  These  equations  would  predict  the  baseline  MFHBF  at  a 
two-digit  WUC  level.  While  the  predictions  would  be  combined  mathematically 
to  obtain  an  overall  prediction  of  the  notional  aircraft  MFHBF,  prediction  at 
a  two-digit  WUC  level  was  chosen  for  two  reasons:  (1)  At  the  two-digit  WUC 
level,  the  models  would  be  more  responsive  to  different  notional  aircraft 
configurations;  and  (2)  with  about  35  two-digit  WUC  subsystems  per  notional 
aircraft,  the  prediction  of  the  aircraft  MFHBF  would  be  less  sensitive  to 
inaccuracies  in  the  predicted  values  for  some  of  the  two-digit  WUC  subsystems. 

The  original  study  effort  called  for  the  development  of  a  prediction  model 
for  only  fixed  wing  aircraft.  This  effort  was  later  expanded  to  include  the 
rotary  wing  aircraft  by  the  exercising  of  a  proposed  option.  The  fixed  wing 
aircraft  prediction  model  was  completed  prior  to  deriving  the  rotary  wing 
aircraft  prediction  model.  The  historical  rotary  wing  aircraft  used  in  model 

i 

development  formed  a  small  homogeneous  group  of  aircraft,  while  the  larger 
group  of  fixed  wing  aircraft  was  composed  of  a  variety  of  configurations.  The 
nature  of  the  historical  aircraft  used  in  model  development  and  the  timing  of 
the  efforts  led  to  different  rationale  surrounding  the  formulation  of  each 
model . 

6.1.1  Formulation  of  Fixed  Wing  Aircraft  Moael.  Initiall1,,  the 

development  of  a  set  of  two-digit  WUC  prediction  equations  for  each  mission 
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variant  was  considered;  however,  this  idea  had  many  shortcomings.  Due  to  the 
small  number  of  historical  aircraft  for  certain  mission  variants,  the 
prediction  equations  for  these  mission  variants  could  have  included  only  one 
aircraft  characteristic  in  each  equation.  In  addition,  more  than  280 
prediction  equations  would  have  been  required  to  predict  the  MFHBF  for  all  the 
fixed  wing  aircraft. 

It  was  decided  instead  to  divide  the  fixed  wing  aircraft  by  mission 
variant  into  three  groups.  The  three  aircraft  groups  formed,  Type  A,  Type  B, 
and  Type  L,  and  the  aircraft  included  in  each  group  are  given  in  Table  6-1. 
The  Type  A  and  Type  B  aircraft  were  all  carrier-based,  and  the  Type  L  aircraft 
were  land-based. 

By  grouping  the  fixed  wing  aircraft,  a  larger  number  of  historical  MFHBF 
values  would  be  used  to  derive  the  prediction  equations.  In  turn,  more 
predictor  variables  could  be  used  to  form  each  two-digit  WUC  prediction 
equation.  A  decision  as  to  whether  separate  models  for  each  aircraft  group, 
or  a  single  model  for  all  fixed  wing  aircraft,  would  be  developed  depended 
primarily  on  the  analysis  of  the  data. 

Given  the  time  required  to  develop  the  Design/Performance  Data  Base  for 
all  32  historical  fixed  wing  aircraft  selected  for  use  in  model  development,  a 
set  of  baseline  MFHBF  prediction  equations  were  developed  first  using 
completed  information  on  the  Type  B  aircraft.  This  group  of  19  aircraft 

included  all  the  fighter,  attack,  electronic  warfare,  and  reconnaissance 

aircraft  being  considered. 

Even  though  any  analysis  performed  might  need  to  be  repeated  when  the  data 
for  the  remaining  aircraft  became  available,  consideration  of  only  the  Type  B 
aircraft  was  felt  to  be  worthwhile.  Through  the  development  of  Type  B 

prediction  equations,  the  general  adequacy  of  the  Design/Performance  Data  Base 
characteristics  as  predictor  variables  was  determined;  potential  difficulties 
associated  with  a  shortage  of  MFHBF  data  for  certain  two-digit  WUC's  became 
apparent;  and  various  analytical  techniques  and  statistical  procedures  were 

investigated  for  use  in  the  remainder  of  the  study. 

Numerous  equations  were  derived  and  analyzed,  before  the  final  Type  B 
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TABLE  6-1.  FIXED  WING  AIRCRAFT  USED  IN  MODEL  DERIVATION 
8Y  TYPE  AND  MISSION  VARIANT 


4 


TYPE 

A 

TYPE 

B 

TYPE 

L 

Airborne  Early  Warninq 

Fiqhter 

Patrol  ASW 

E-IB 

F-4J,  N 

P-3A,  B,  C 

E-2B,  C 

F-14A 

Antisubmarine  Warfare 

Attack 

Tanker 

S-3A 

A-4E,  F,  M 

A-6A,  E 

A-7A,  B,  C,  E 

AV-8A 

KC-130F,  R 

COD  Transport 

Reconnaissance 

C-1A 

RF-4B 

C-2A 

RF-8G 

RA-5C 

Tanker 

Electronic  Warfare 

-- 

KA-3B 

EA-3B 

KA-6D 

EA-6A,  B 

prediction  equations  for  27  of  the  38  two-digit  WUC  subsystems  for  fixed  wing 
aircraft  were  selected.  The  selection  of  predictor  variables,  for  each 
two-digit  WUC  prediction  equation,  was  made  as  described  in  Section  6.3.  The 
appropriateness  of  developing  a  Type  B  aircraft  MFHBF  prediction  equation  to 
predict  the  In(MFHBF)  versus  the  MFHBF  was  determined  for  each  two-digit  WUC, 
as  discussed  in  Section  6.2.  In  most  cases,  the  equations  were  a  good  fit  to 
the  historical  data,  and  had  good  predictive  ability. 

The  one  area  of  concern  in  the  Type  B  model  was  in  the  prediction 
equations  for  the  engines.  These  equations,  which  predicted  the  MFHBF  on  a 
per  engine  basis,  were  considered  less  than  adequate.  Few  of  the  variables 
associated  with  engine  performance  or  design  appeared  as  good  predictors  of 
the  reliability  of  the  engine.  The  details  of  the  study  are  presented  in 
Section  6.1.2. 

Through  the  derivation  of  the  Type  B  aircraft  MFHBF  prediction  equations, 
it  was  discovered  that  some  aircraft  parameters  acted  as  a  proxy  for  aircraft 
characteristics  not  contained  in  the  data  base.  For  example,  the  Number  of 
Wing  Plus  Tail  Folds  of  the  fixed  wing  aircraft  was  shown  to  be  an  important 
predictor  variable  of  the  MFHBF  for  WUC  14000  and  WUC  45000.  This 

characteristic  may  be  a  reasonable  choice  as  a  variable  for  predicting  the 
MFHBF  of  the  Flight  Controls  (WUC  14000);  however,  the  Number  of  Wing  Plus 
Tail  Folds  is  seemingly  unrelated  to  the  failures  of  the  Hydraulic  and 

Pneumatic  Power  (WUC  45000).  A  more  appropriate  interpretation  of  the 

variable,  as  it  relates  to  WUC  45000,  concerns  the  complexity  of  the  Type  B 
fixed  wing  aircraft.  That  is,  the  Number  of  Wing  Plus  Tail  Folds  is  acting  as 
a  measure  of  the  aircraft's  complexity,  which  was  an  important  factor  in 
predicting  the  MFHBF. 

[n  an  effort  to  account  for  advancements  in  technology,  the  dates  of  the 
first  flight  for  the  prototype  and  series  of  the  aircraft  were  used  as 
predictor  variables  for  the  Type  B  prediction  equations.  They  were  found  to 
be  good  predictors  of  the  historical  MFHBF  for  many  WUC's.  The  prediction 
equations  which  used  these  dates  as  a  variable,  however,  had  poor  predictive 
ability  when  used  by  NAVAIR  to  predict  for  notional  aircraft.  The  approximate 
prototype  and  series  dates  of  the  notional  aircraft  were,  of  course,  well 
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outside  the  range  of  dates  for  the  historical  aircraft.  When  the  future  dates 
were  multiplied  by  coefficients  calculated  using  the  historical  aircraft 
dates,  and  combined  with  the  other  terms  of  the  equation,  the  predicted 
baseline  MFH8F  for  the  WUC  fell  outside  reasonable  expectations. 

As  the  MFHBF  Data  Base  was  studied  in  more  detail,  it  was  seen  that,  for 
certain  WUC's,  separate  baseline  MFHBF  prediction  equations  for  each  of  the 
aircraft  groups  would  not  be  feasible.  As  shown  in  Table  6-2,  a  limited 
number  of  historical  MFHBF  values  were  available  in  certain  groups  for  various 
WUC's.  This  would  make  development  of  separate  prediction  equations 
difficult.  Anticipating  the  need  for  combined  equations.  Type  B  prediction 
equations  were  not  developed  for  eleven  of  the  two-digit  WUC  subsystems. 

When  the  Design/Performance  Data  Base  information  was  complete,  the 
precise  form  for  the  fixed  wing  aircraft  model  was  considered.  For  those 
WUC's  where  a  limited  number  of  historical  MFHBF  values  were  available  for 
equation  development,  a  single  prediction  equation  was  derived  for  predicting 
the  MFHBF.  For  the  remaining  WUC's,  a  decision  was  required  as  to  whether 
separate  equations  for  each  aircraft  group  or  a  single  equation  for  combined 
aircraft  groups  would  be  developed. 

The  principal  concern,  with  either  form  of  equation  development,  was  the 
compatibility  and  consistency  of  the  data  for  the  different  aircraft  groups. 
To  measure  the  compatibility  and  consistency,  the  correlation  coefficients  of 
the  design/performances  parameters  with  the  MFHBF  or  In(MFHBF)  for.  selected 
WUC's  were  determined  for  Type  A,  Type  B,  Type  A  and  B  combined,  and  Type  A, 
B,  and  L  combined.  In  Tables  6-3  and  6-4,  the  correlations  of  the 
design/performance  parameters  with  the  In(MFHBF)  for  WUC  11000  and  WUC  45000, 
respectively,  for  these  aircraft  combinations,  are  presented.  In  the  WUC's 
studied,  the  correlations  of  the  combined  Type  A  and  B  aircraft  appeared  in 
reasonable  agreement  with  those  of  the  Type  B  aircraft.  The  Type  A  aircraft 
correlations  were  different  from  those  of  the  Type  B  and  combined  Type  A  and 
B,  in  the  degree  and  direction  of  the  correlation.  Since  the  Type  L  aircraft 
were  all  land-based  aircraft,  in  general,  the  combination  of  Type  A,  B,  and  L 
aircraft  formed  the  least  compatible  aircraft  group. 
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TABLE  6-2.  BREAKDOWN  BY  WUC  OF  MFHBF  AVAILABLE  FOR 
FIXEO  WING  AIRCRAFT  PREDICTION  EQUATION  DEVELOPMENT 


WUC ' 

Total  o7 
Type  A 
MFHBF 

Total  of 
Type  B 
MFHBF 

Total"  of- 
Type  L 
K.-'HBF 

A+B+L 

TOTALS 

A+B 

A+L 

UOUOO 

8 

19 

5 

32 

27 

13 

IIOOO 

8 

19 

5 

32 

27 

13 

12000 

O 

19 

5 

32 

27 

13 

13000 

8 

19 

5 

32 

27 

13 

14000 

8 

19 

5 

32 

27 

13 

20000 

1 

19 

0 

20 

20 

0 

22000 

3 

0 

5 

8 

3 

8 

23000 

0 

15 

0 

15 

15 

0 

24000 

2 

0 

5 

7 

2 

7 

27000 

1 

6 

0 

7 

7 

1 

29000 

8 

19 

5 

32 

27 

13 

41000 

8 

19 

5 

32 

27 

13 

42000 

8 

19 

5 

32 

27 

13 

44000 

8 

19 

5 

32 

27 

13 

45000 

8 

19 

5 

32 

27 

13 

46000 

8 

19 

5 

32 

27 

13 

47000 

6 

19 

5 

30 

25 

11 

49000 

8 

19 

4 

31 

27 

12 

51000 

8 

19 

5 

32 

27 

13 

56000 

8 

19 

5 

32 

27 

13 

57000 

6 

18 

1 

25 

24 

7 

61000 

6 

3 

5 

14 

9 

11 

62000 

3 

6 

5 

14 

9 

8 

63000 

8 

18 

5 

31 

26 

13 

64000 

8 

14 

5 

27 

22 

13 

65000 

8 

17 

5 

30 

25 

13 

66000 

5 

11 

4 

20 

16 

9 

67000 

4 

15 

4 

23 

19 

8 

69000 

3 

2 

4 

9 

5 

7 

71000 

7 

18 

5 

30 

25 

12 

72000 

8 

19 

5 

32 

27 

13 

73000 

5 

18 

4 

27 

23 

9 

74000 

2 

15 

3 

20 

17 

5 

75000 

2 

16 

3 

21 

18 

5 

76000 

4 

18 

3 

25 

22 

7 

77000 

1 

9 

3 

13 

10 

4 

91000 

8 

19 

5 

32 

27 

13 

93000 

1 

5 

0 

6 

6 

1 

96000 

4 

11 

5 

20 

15 

9 

97000 

3 

18 

1 

22 

21 

4 
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o-;.  CORRELATION  OF  ln(HFHBF)  WITH  FIXED  WING  AIRCRAFT 
nr sign /PERFORMANCE  PARAMETERS  --  WUC  11000 


RAF  T _ CHARACTERISTICS 


CORRELATION  COEFFICIENTS 

(Ml  -5) 

B  A&B  A&B&L 


Crew  SUe  --  Cockpit  or  Total 
'  i<o.  of  Moveable  Fit.  Control  Surfaces 
Mo.  of  Vertical  Tails 
tail  Ipan 

Wing  Span  -  Unfolded 
t jo .  of  Wing  Plus  Tail  (olds 
Max.  Aircraft  Length 
;  wheelbase 

*  Fuselage  Wetted  Area 
Wing  Area 

;  Total  Wetted  Area 
!  Fuselage  Volume 
Aspect  Ratio 

Fit.  Control  Surface  Area 
:  Gun  Weight 
'  wo.  of  Guns 

Pressurized  Fuselage  Volume 
Avionics  Wright  Installed 
Avionics  Weight  Uninstalled 
Total  Generator  Electrical  Power 
Total  FCS  Weight 
Kinetic  Ensrgy 
Fuel  Capacity  Internal  Wing 
Fuel  Capacity  Internal  Fuselage 
Fuel  Capacity  Max.  internal 
Total  Fuel  Capacity 
No.  of  Internal  Tanks 


No.  of  Enc ines 

Total  Aircraft  Thrust  --  Military 
Max.  Eng  ire  Diameter 
Max.  Engi'e  length 
Specific  i  uel  Consumption 
Turbine  Inlet  Temperature 
Empty  Weight 
Flight  Design  Weight 
Max.  Take-Off  Wt.  -  Cat.  or  Normal 
Max.  Idg.  Wt.  —  Arrested  0'  Design 
Min.  Time:  Sea  Level  to  30K  Feet 
Min.  Combat  Mission  Time 
Max.  Combat  Mission  Time 
Max.  Speed  at  Sea  Level 
Total  Fuel  Capacity  —  Squared 
Fuel  Cap.  Ext.  Tanks  --  Squared 


Ai'  WM&ttT  ttascrmn, 

'*  *  f  l;  TOW€ 


.  DUH 

-.644 


-.654 


-.584 


.829 

-.844 

-.609 

-.514 


-.578 

.558 

.571 


-.741 

r  f  ■> 
-,UUI 

-.767 

-.582 

-.793 

-.549 

-.669 

-.518 

-.824 

-.637 

-.641 

-.552 

-.799 

-.684 

-.823 

-.772 

-.541 

-.519 

-.787 

-.601 

-.600 

-.732 

-.597 

.588 

.521 

.662 

.573 

-.525 

-.734 

-.750 

-.680 

-.572 

-.807 

-.529 

-.643 

-.523 

-.742 

-.568 

-.718 

-.774 

-.808 

-.507 

-.600 

-.801 

-.676 

-.755 

-.853 

-.748 

-.875 

-.768 

-.880 

-.757 

-.876 

-.778 

-.811 

-.559 


-.613 


-.510 


-.794 
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TABLE  6-4.  CORRELATION  OF  In(MFHBF)  WITH  FIXED  WING  AIRCRAFT 
DESIGN/PERFORMANCE  PARAMETERS  —  WUC  45000 


CORRELATION  COEFFICIENTS 


AIRCRAFT  CHARACTERISTICS 

A 

B 

i— 

A&B 

A&B&L 

Crew  Size  --'Cockpit  or  Total 

.552 

No.  of  Fixed  Inlets 

.581 

.558 

.585 

No.  of  Variable  Inlets 

-.550 

-.534 

Max.  No.  of  External  Armament  Stores 

.607 

Tail  Span 

-.600 

No.  of  Wing  Plus  Tail  Folds 

.607 

-.745 

-.559 

Max.  Aircraft  Length 

-.788 

-.634 

Mean  Aerodynamic  Chord  —  MAC 

-.605 

-.575 

Wheelbase 

-.677 

Fuselage  Wetted  Area 

-.662 

-.545 

Wing  Area 

-.725 

-.507 

Fuselage  Volume 

-.685 

-.508 

Fit.  Control  Surface  Area 

-.518 

Gun  Weight 

.637 

No.  of  Guns 

.706 

Total  ECS  Weight 

-.540 

Kinetic  Energy 

-.524 

Fuel  Capacity  Internal  Fuselage 

-.611 

Fuel  Capacity  Max.  Internal 

-.513 

Total  Fuel  Capacity 

-.652 

-.524 

No.  of  Internal  Tanks 

-.717 

-.642 

-.559 

No.  of  Engines 

-.610 

Total  Aircraft  Thrust  --  Military 

-.654 

-.512 

Afterburner  Indicator 

-.563 

-.547 

Max.  Engine  Diameter 

.650 

Max.  Engine  Length 

-.628 

-.597 

Engine  Weight  Installed  Per  Engine 

-.602 

-.541 

-.534 

No.  of  Fan  Plus  Compressor  Stages 

-.587 

Empty  Weight 

-.702 

-.511 

Flight  Design  Weight 

-.715 

-.586 

Max.  Take-Off  Wt.  --  Cat;  or  Normal 

-.689 

-.622 

Max.  Ldg.  Wt.  --  Arrested  or  Design 

-.681 

-.532 

Max.  Payload 

-.534 

Bypass  Ratio 

.607 

Max.  Wing  Loading 

.747 

Max.  Service  Ceiling  --  100  FPM 

.646 

Max.  Combat  Mission  Time 

.592 

Max.  Speed  --  Mach  No. 

-.564 

-.534 

-.514 

EW  Indicator- 

.635 

Total  Fuel  Capacity  --  Squared 

-.640 

No.  of  Engine  Parts 

-.607 

-.587 

-.574 
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The  anticipated  problem  with  two  sets  of  prediction  equations  was  the  lacr 
of  homogeneity  within  the  Type  A  group.  Few  of  th=  aircraft  characteristics 
with  intuitive  appeal  were  strongly  correlated  with  the  MFHBF  or  the  lnfMFHB^) 
of  the  WUC's  studied.  It  was  likely,  therefore,  that  any  Type  A  prediction 
equations  using  primarily  intuitive  variables  would  have  poor  predictive 
abi 1 ity. 

The  decision  was  made  to  derive  one  baseline  MFHBF  prediction  equation  for 
each  WUC  using  the  combined  data  of  the  Type  A  ano  Type  B  aircraft  groups, 
with  the  Type  L  aircraft  data  included  for  WUC's  where  only  a  limited  amount 
of  MFHBF  data  was  available.  By  combining  the  aircraft  groups,  a  larger 
number  of  data  points  would  be  used  to  develop  the  prediction  equations  and 
the  form  of  the  prediction  model  would  be  simplified.  As  the  correlations  of 
the  combined  Type  A  and  Type  B  aircraft  groups  were  very  similar  to  those  of 
the  Type  B  aircraft,  it  was  felt  that  a  single  prediction  equation  with  good 
predictive  ability  could  be  developed. 

The  general  approach  used  to  develop  the  fixed  wing  aircraft  prediction 
equations  was  similar  to  that  used  to  develop  the  Type  B  aircraft  prediction 
equations.  Using  the  combination  of  Type  A,  Type  B,  and  Type  L  aircraft 
chosen  for  deriving  the  equation,  each  two-digit  WUC  was  examined  with  respect 
to  use  of  the  natural  log  transformation  of  the  MFHBF  (see  Section  6.2). 
Through  analysis  of  the  correlation  and  regression  results,  a  set  of  piedictor 
variables  for  each  equation,  was  chosen  from  the  charateristics  originally 
selected  as  candidate  variables  for  the  Type  B  prediction  equations  (see 
Section  6.3). 

Forty  baseline  MFHBF  prediction  equations  were  developed  for  the  fixed 
wing  aircraft  prediction  model.  Thirty-eight  equations  were  for  predicting 
the  baseline  MFHBF  for  two-digit  WUC  subsystems  and  one  equation  was  for 
predicting  the  baseline  MFHBF  of  turbojet  and  turbofan  engines,  WUC's  23U00 
and  27000,  and  is  identified  by  WUC  20000.  The  remaining  equation,  which 
predicted  the  overall  MFHBF  of  the  aircraft,  denoted  WUC  00000,  was  developed 
to  validate  the  overall  MFHBF  computed  by  combining  the  two-diai t  W*' . 
predictions. 

The  statistical  quality  of  the  baseline  MFHBF  prediction  equations, 


derived,  for  the  fixed  wing  aircraft,  was  generally  the  same  as  that  of  the 
.prediction  equations  derive.d  for  Type  B  aircraft.  In  a  few  cases,  the  fixed 
wing  aircraft  prediction  equation  was  not  as  good,  statistically,  as  that 
previously  derived  for  Type  B  aircraft.  The  difference  was  attributed  to  the 
Type  B  aircraft  forming  a  more  hom>geneous  set  of  data,  than  the  combined  Type 
A  and  B  aircraft  group.  As  with  the  type  B  equations,  the  set  of  predictor 
variables  included  in  the  prediction  equations  for  the  engine  WUC's  were  not 
as  engine  related  as  desired  (see  Section  6.1.2  for  details). 

Before  finalizing  the  Fixed  Wing  Aircraft  Prediction  Model,  some  further 
analysis  was  done  to  refine  the  baseline  MFHBF  prediction  equations.  This 
analysis  was  required  to  reduce  the  number  of  predictor  variables  in  the 
prediction  equations,  develop  better  prediction  equations  for  certain  WUC 
subsystems,  and  insure  the  predictive  ability  of  the  Fixed  Wing  Aircraft 
Prediction  Model. 

Most  of  the  prediction  equations  required  a  reduction  in  the  number  of 
predictor  variables,  as  there  were  too  many  predictor  variables  relative  to 
the  number  of  data  points  used  to  derive  the  equation.  The  guideline  that  the 
rinal  number  of  predictor  variables  should  not  be  more  than  half  the  number  of 
aircraft  used  to  derive  the  equation  was  used  to  determine  the  number  of 

O 

deletions  required.  While  this  reduced  the  value  of  R  below  the  goal  of 
0.90  in  most  cases,  the  reduction  in  the  number  of  prediction  variables  was 
necessary  to  insure  that  the  prediction  equation  was  not  overfitting  the  data; 
i.e.,  that  the  equation  was  not  approaching  saturation. 

lo  make  the  appropriate  choices  for  deletion,  various  statistical 

indicators  were  examined.  Those  variables  shown  to  have  the  least  predictive 

ability,  as  indicated  by  the  t-statistics,  for  both  the  least  squares  solution 

and  appropriate  ridge  solution  (see  Section  6.4),  were  omitted  first.  If 

additional  deletions  were  required,  equations  were  derived  using  various 

subsets  of  the  remaining  variables.  The  "best"  reduced  set  of  predictor 

2 

variables  was  chosen  by  comparing  the  R  's  of  the  least  squares  solution, 
the  R  's  of  the  ridge  solution,  the  size  of  the  ridge  parameter,  k,  the 
value  for  the  SSE,  and  the  estimated  standard  deviation,  a,  relative  to  the 
number-  of  predictor  variaoles  in  the  prediction  equation. 
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As  a  means  of  improving  the  prediction  equations,  selected  characteristics 
were  studied  as  candidates  for  interaction  terms.  For  six  of  the  aircraft 
characteristics,  it  was  found  that  the  linear  relationship  between  me 
characteristic  and  the  MFH8F  or  the  In(MFHBF)  was  not  the  same  for  Type  A  and 
Type  B  aircraft.  The  two  distinct  trends,  found  in  the  bivariate  plots  of 
these  six  parameters,  justified  the  formation  of  an  interaction  term  which 
could  account  for  this  categorical  difference  in  the  data  (see  Section  5.5  for 
details). 

The  use  of  the  interaction  terms  was  restricted  to  those  prediction 
equations  where  a  substantial  improvement  in  the  statistical  quality  of  the 

equations  was  realized.  In  developing  a  prediction  equation  which  would 
account  for  the  categorical  difference  in  parameter  values,  at  least  two 
additional  predictor  variables  were  required  in  the  equation;  namely,  the 

interaction  term  and  the  Type  A  or  B  indicator  variable.  To  compensate  for 
the  added  variables  and  avoid  overfitting  the  equation  to  the  data,  other 
aircraft  parameters,  previously  chosen  as  predictor  variables,  had  to  be 
excluded  from  the  equation. 

Table  6-5  shows  the  development  of  the  baseline  MFHBF  prediction  equation 
for  the  Oxygen  Systems  (WUC  47000)  through  the  refinement  phase  of  the 

analysis.  Similar  refinement  occurred  for  each  prediction  equation  developed 
for  the  model.  Equation  1  was  the  prediction  .quation  developed  through  the 
analysis  of  the  natural  log  transformation  and  selection  of  predictor 
variables,  as  discussed  in  Sections  6.2  and  6.3,  respectively.  While  the 

number  of  predictor  variables  was  less  than  half  the  number  of  data  points 
used  to  develop  the  equation,  the  t-statistics  indicated  that  the  Max.  Thrust 
to  Max.  Take-Off  Weight  had  little  predictive  ability  in  this  equation. 
Therefore,  the  Max.  Thrust  to  Max.  Take-Off  Weight  was  omitted  from  the  set  of 
predictor  variables  and  Equation  2  was  derived.  As  indicated  by  the 
statistics  associated  with  Equations  1  and  2,  presented  at  the  bottom  of  fable 
6-5,  the  quality  of  the  equation  was  not  significantly  changed  by  the  deletion 
of  the  Max.  Thrust  to  Max.  Take-Off  Weight. 

As  Equation  2  included  two  aircraft  parameters  for  which  interaction  term., 
had  been  formed.  Equation  3  was  derived  to  deteniiir.e  if  the  prediction 
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TABLE  6-5.  DEVELOPMENT  OF  FIXED  WING  AIRCRAFT  BASELINE  MFHBF 
PREDICTION  EQUATION  FOR  THE  OXYGEN  SYSTEMS  (WUC  47000) 

In(MFHBF)'  =  .Constant  +  £  X-j 


*  Aircraft  * 

Characteristics 

* 

Coefficients 

bi 

_ _Xj _ _ 

EO.  1 

EQ._2 

EQ.  3 

EJL-I 

Crew  Size  --  Cockpit 
or  Total 

-.09600 

-.10680 

-.15047 

-.08284 

Pres.  Fuselage  Volume 

-.00074 

-.00078 

-.00085 

-.00076 

Max.  Serv.  Ceiling 

.01128 

.01155 

- 

- 

Min.  Combat  Mission  Time 

-.00046 

-.00045 

.01085 

.00831 

Total  ECS  Weight 

-.00002 

-.00002 

-.00023 

- 

Tot.  Gen.  Elec.  Power 

.00001 

.00002 

-.00003 

-.00004 

Max.  Combat  Radius 

.17469 

-.00019 

- 

- 

Empty  Wei glit 

-.00014 

.11359 

-.11056 

-.08576 

Max.  Speed  --  Mach  No. 

.09842 

-.25861 

-.10790 

- 

Max.  Thrust  to  Max.T.O.  Wt. 

- . 28894 

- 

- 

- 

(Min.  Combat  Mission  Time) 
x  (Type  A  or  B) 

- 

- 

-.32091 

-.51469 

Type  A  or  6 

- 

- 

-1.08384 

-.76606 

(Max.  Speed  --  Mach  No.) 
x  (Type  A  or  B) 

- 

- 

.16300 

- 

*  * 

Coi  stant 

4.40373 

4,37120 

6.43032 

6.39195 

No/*' of  Aircraft 

(To.  of  Predictor  Variables 

k 

P.2  --  Least  Squares 
r2  —  Ridge 

SSE 

A 

a 

25 

10 

.0337 

.783 

.754 

1 . 59064 
.33708 

25 

9 

.0287 

.782 

.758 

1.56433 

.32294 

25 

10 

.0100 

.856 

.823 

1.14352 

.29658 

25 

7 

.0125 

.839 

.802 

1.28053 
. 28290 
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equation  for  WUC  47000  could  be  further  improved.  The  interaction  terms, 

(Min.  Combat  Mission  Time)  x  (Type  A  or  B)  and  (Max.  Speed  --  Mach  No.)  x 

(Type  A  or  B),  along  with  their  c om.no n  inoicator  variable.  Type  A  or  B,  were 

added  as  predictor  variables.  To  evaluate  the  impact  of  the  interaction 

terms,  the  number  of  predictor  variables  had  to  remain  close  to  the  number 

previously  used.  Therefore,  the  Max.  Service  Ceiling  and  the  Max.  Combat 

Radius,  the  statistically  least  important  variables  in  Equation  2,  were 

omitted.  As  shown  by  the  decrease  in  the  value  of  k  and  increase  in  the 

2 

R  's,  the  set  of  predictor  variables  used  to  form  Equation  3  were  less 
inulticol  1  inear  and  formed  an  equation  which  better  fit  the  historical  data. 

An  examination  of  the  t-statistics  for  Equation  3  showed  that  the  Total 

ECS  Weight,  the  Max.  Speed  --  Mach  No.,  and  the  (Max.  Speed  --  Mach  No.)  x 

(Type  A  or  B)  were  not  significantly  contributing  to  the  predictive  ability  of 

the  equation.  To  further  simplify  the  prediction  equation,  these  variables 

were  omitted,  and  Equation  4  was  derived.  While  the  fourth  equation's  fit  to 

the  data  was  somewhat  lessened,  the  substantial  decrease  in  the  number  of 

predictor  variables  was  more  sianificant  than  the  small  decrease  in  the 
2 

R  's.  Thus,  Equation  4  was  chosen  as  the  final  baseline  MFHBF  prediction 

equation  for  WUC  47000. 

Prior  to  validating  the  refined  prediction  equations'  predictive  ability, 
those  aircraft  characteristics  of  the  Design/Performance  Data  Base  chosen  as 
predictor  variables  required  examination.  The  values  of  most  of  the 
characteristics  of  notional  aircraft,  such  as  the  Landing  Sink  Speed,  were 
expected  to  remain  within  the  range  of  the  historical  values  (see  Figure  6-1). 
For  other  parameters,  such  as  the  Rate  of  Climb  at  Sea  Level,  the  historical 
range,  as  indicated  by  NAVAIR,  was  not  necessarily  representative  of  the 
notional  range  of  values  (see  Figure  6-2).  If  the  notional  range  of  values 

was  expected  to  be  within  the  historical  range,  for  all  predictor  variables  of 
a  given  baseline  MFHBF  prediction  equation,  no  problem  of  extrapolation  was 
anticipated,  and  the  equation  was  expected  to  have  good  predictive  ability. 
When  notional  parameter  values  outside  the  range  of  the  historical  values  were 
likely,  those  equations  which  included  these  characteristics  would  possibly 
have  difficulty  predicting  a  reasonable  value  for  the  MFHBF. 

Anticipating  possible  problems  predicting  with  some  of  the  equations, 
alternate  equations  were  considered.  For  some  WUC's,  equally  good  prediction 
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equations  involving  interaction  terms  had  been  derived.  While  other  equations 
had  been  preferred,  these  equations  were  seen  as  alternate  equations,  should 
extrapolation  prove  to  be  a  problem.  In  other  cases,  the  aircraft 
characteristics,  which  would  involve  extrapolation,  were  found  to  be  highly 
correlated  with  other  aircraft  characteristics,  which  were  expected  to  remain 
within  the  historical  ranges  of  values.  By  substituting  predictor  variables, 
it  was  felt  that  a  reasonable  alternate  equation  could  be  derived.  Until  the 
impact  of  any  extrapolation  was  revealed  during  validation  (see  Section  7.2), 
no  substitutions  were  made. 

6.1.2  Formulation  of  Engine  Prediction  Equations.  The  procedure  followed 
to  develop  the  baseline  MFHBF  prediction  equations  for  the  engine  WUC's 
differed  from  that  used  to  develop  the  remaining  equations  of  the  fixed  wing 
aircraft  model.  Due  to  the  approach  taken  to  developing  the  engine  prediction 
equations,  and  the  importance  of  the  MFHBF  of  the  engines  to  the  overall 
reliability  of  the  aircraft,  WUC's  22000,  23000,  and  27000  were  given 
particular  attention. 

It  was  decided  that  the  baseline  MFHBF  prediction  equations  for  WUC  23000 
(Turbojet  Engines)  and  WUC  27000  (Turbofan  Engines)  would  be  derived  using  all 
aircraft  with  turbojet  and  turbofan  engines,  respectively.  The  Type  A 
aircraft  group  included  too  few  historical  aircraft  with  turbojet  or  turbofan 
engines  to  develop  separate  engine  prediction  equations  for  Type  A  aircraft 
only. 

When  equations  for  the  engine  WUC's  were  first  examined,  data  for  only  the 
19  Type  B  aircraft  were  available.  A  single  equation  for  predicting  the  MFHBF 
of  both  turbojet  and  turbofan  engines  was  developed  using  the  available  data. 
The  equation  for  turbofan  and  turbojet  engines,  denoted  WUC  20000,  was  used  to 
obtain  an  overview  of  the  predictive  ability  of  the  engine  related 
characteristics  included  in  the  Design/Performance  Data  Base.  Separate 
equations  would  be  developed  when  the  data  base  was  expanded  to  include  the 
remaining  aircraft.  As  all  the  historical  Type  B  aircraft  had  turbojet  or 
turbofan  engines,  an  equation  for  WUC  22000  was  not  derived  at  that  time. 

For  engineering  and  design  reasons,  the  MFHBF  for  the  engine  WUC's  were 
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i 

a 

i  too  on  a  per  engine  basis,  instead  of  on  an  aircraft  oasts.  The 
|  -n-in'ic-al  values  included  in  the  MFHBF  Data  Case  were,  therefore,  tne 

!  o'  t-nqine  for  each  aircraft.  The  prediction  equation  for  WUC  29000  (Fewer 
|  ^'lant  Installation)  was  also  derived  to  predict  the  MFHBF  on  a  per  engine 

basis. 

f 

j 

The  results  of  the  correlation  analysis  and  stepwise  regression  analysis 
i  for  WUC  20000  and  the  associated  candidate  predictor  variables  were 

I 

unexpected.  Few  of  the  engine  related  parameters  were  shown  to  be  good 
predictors  of  the  MFHBF  for  the  turbojet  and  turbofan  engines.  The  better 

!  parameters,  statistically,  for  predicting  the  MFHBF  of  the  turbojet  and 

turbofan  engines  were  either  more  general  aircraft  characteristic  or 
|  non-engine  related  parameters. 

After  analyzing  many  sets  of  possible  variable  combinations,  a  prediction 
equation  for  WUC  20000  using  Type  B  aircraft  data  was  derived.  This  equation 
^  was  considered  less  than  adequate  based  on  the  choice  of  predictor  variables. 

1  Further  examination  of  the  data  was  postponed  until  the  remaining  data  was 

available. 

Prior  to  the  development  of  separate  prediction  equations  for  WUC  23000 
and  WUC  27000,  an  adjustment  in  the  WUC  designations  for  historical  MFHBF 
values  was  made.  The  F-14A,  A-7A,  B,  C,  and  E,  which  have  turbofan  engines, 
report  the  appropriate  subsystem  failures  against  WUC  23000,  in  accordance 
with  the  WUC  Manuals.  For  the  purpose  of  the  study,  it  was  felt  that 

development  of  engine  prediction  equations  by  type  of  engine  was  more 
!  meaningful.  Thus,  the  historical  MFHBF  data  for  the  F-14A,  A-7A,  B,  C,  and  E 
were  used  to  develop  vhe  prediction  equation  for  WUC  27000,  and  not  for  WUC 
|  23000. 

( 

t  Upon  completion  of  the  data  base  to  include  all  32  historical  fixed  wing 

aircraft,  the  engine  data  was  re-examined.  The  historical  MFHBF  for  WUC  23000 
I  '  and  WUC  27000  included  all  Type  A  and  Type  B  aircraft  with  turbojet  and 

•  -  turbofan  engines,  respectively.  The  historical  MFHBF  for  WUC  22000  included 

j  all  Type  A  and  Type  L  (land-based  aircraft)  with  turboshaft  engines.  The  Type 

t  l  aircraft  were  included  due  to  the  limited  number  of  Type  A  aircraft  with 

turboshaft  enoines. 
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The  initial  results  of  the  analysis  for  the  three  VIIJC's  were  much  the  same 
as  those  obtained  with  Type  B  aircraft.  The  engine  related  characteristics  of 
the  Design/Perforinance  Data  Base  were  not  the  best  parameters,  statistically, 
for  predicting  engine  reliability  of  historical  aircraft.  The  few  engine 
characteristics  with  reasonably  good  predictive  ability  were  not  consistently 
important  predictors  for  all  three  types  of  engines.  As  before,  more  general 
design  and  performance  parameters  appeared  to  be  better  predictors  of  the 
MFHBF  of  the  engine  WUC's. 

In  an  attempt  to  develop  engine  equations  with  more  intuitive  appeal,  six 
more  engine  characteristics  were  added  to  the  Design/Performance  Data  Base.  A 
complete  correlation  analysis  was  done  for  each  engine  WUC.  Table  6-6 
summarizes  the  correlations  found  between  the  engine  related  parameters  of  the 
data  base  and  the  MFHBF  of  the  engine  WUC's.  As  indicated  by  the  size  and 
inconsistency  of  the  correlation  coefficients  across  WUC's,  few  of  these 

variables  seemed  to  be  potentially  good  predictors  of  the  MFHBF  for  the 
engines.  '  The  additional  engine  characteristics  did  not  appear  any  better  or 
more  consistent  in  their  predictive  ability  than  the  original  engine 

parameters. 

While  sometimes  related,  the  correlation  coefficients  alone  did  not 

indicate  which  engine  parameters  were  the  best  variables  for  the  prediction 
equations.  Most  of  the  engine  characteristics  having  the  strongest 
correlation  with  the  MFHBF  of  a  particular  engine  WUC  were  themselves  strongly 
correlated.  Therefore,  if  one  engine  parameter  was  used  as  a  predictor 
variable,  adding  the  others  did  little  to  enhance  the  quality  of  the 

prediction  equation.  Also,  when  used  in  combination  with  other  parameters, 
the  relative  importance  of  each  parameter  to  the  predictive  ability  of  the 
equation  would  frequently  shift. 

As  the  prediction  equations  derived  for  WUC  23000  and  WUC  27000  were  not 
totally  satisfactory  from  an  intuitive  viewpoint,  a  combined  turbojet/turbofan 
engine  prediction  equation,  denoted  by  WUC  20000,  was  derived.  With  the 
combined  data  from  the  two  sets  of  aircraft,  many  of  the  engine  related 
parameters  were  found  to  be  reasonably  good  predictors  of  the  MFHBF. 
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TABLE  C-6.  CORRELATION  OF  ENGINE  RELATED  PARAMETERS  WITH 
HISTORICAL  KFHBr  OF  ENGINE  WUC  SUBSYSTEMS  FOR  FIXED  WING  AIRCRAFT 


i 

^  •  Engine  Related  _ Correlation  Coefficient 


Parameters 

22000 

23000 

27000 

20000 

i 

Max.  Thrust  Per  Engine 

.450 

-.054 

-.791 

-.261 

s  'lax.  Engine  Diameter 

-.746 

.088 

.160 

.303 

Max.  Engine  Length 

.425 

-.125 

-.245 

-.194 

:  Engine  Weight  Installed 

-.160 

-.004 

-.701 

-.265 

Per  Engine 

I  "io.  of  Fan  Plus 

.000 

.106 

.569 

.303 

*  Compressor  Stages 
,  A!o.  of  Turbine  Stages 

.000 

.104 

.773 

.486 

! 

1  Jax.  Compression  Ratio 

.412 

-.080 

.625 

.440 

Specific  Fuel  Consumption 

-.405 

-.131 

-.717 

-.525 

{ 

;  urbinp  Inlet  Temperature 

.529 

-.029 

- .  142 

:  ?25 

Bypass  Ratio 

N/A 

.000 

-.142 

.596 

{  ax.  Thrust  to  Installed 

.473 

-.068 

.138 

.111 

Engine  Weight 
j  'Max. Thrust  or  SHP  to 

.469 

-.044 

.229 

.234 

*  •  Engine  Weight  Uninstalled 
-■‘■-Specif ic  Thrust  or  SHP 

.421 

-.011 

-.408 

-.309 

*  *4ax.  Airflow 

.047 

.014 

-.365 

.115 

a*Max.  Pressure  Ratio 

.000 

-.167 

.716 

.442 

:uel  to  Air  Ratio 

9  * 

.425 

.047 

-  479 

.086 

*Engine  Weight  Uninstalled 

-.053 

.026 

-.840 

-.288 

Per  Engine 


I  Added  to  the  Design/Performance  Data  Base 


r  * 

!  r 
\ 

i  - 
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The  "parameters,  final  1y  chosen  for  the  engine  prediction  equations  of  the 
fixed  wing  aircraft  model  were  somewhat  a  compromise.  Those  engine  related 
parameters  displaying  consistently  good  predictive  ability  were  cpmbined  with 
the  more  general  aircraft'  characteristics  showing  the  strongest  predictive 
ability.  Through  this>  approach,  neither  the  engineering  credibility  nor  the 
statistical  quality  of  the  equations  was  sacrificed. 

4  *r  *  . 

#  , 

6.1.3  Formulation"  of  Rotary  Wing  Aircraft  Model.  The  circumstances 
surrounding  the  formulation  of  the  Rotary  Wing  Aircraft  Prediction  Model 
greatly  simplified  the  development  of  the  model.  As  the  Fixed  Wing  Aircraft 
Prediction  Model  had  previously  been  derived,  the  methodology  used  in  model 
development  had  been  established.  Since  the  eleven  histc.  leal  rotary  wing 
aircraft  chosen  for  model  development  formed  a  smaller  and  more  homogeneous 
group  of  aircraft  than  the  fixed  wing  aircraft,  there  was  no  reason  to 
consider  development  of  more  than  one  set  of  prediction  equations  for 
predicting  the  baseline  MFHBF. 

The  general  procedure  followed  in  developing  the  rotary  wing  aircraft 
prediction  equations  was  the  same  as  that  used  to  develop  the  fixed  wing 
aircraft  prediction  equations.  The  selection  of  candidate  variables  for  use 
in  each  two-digit  WUC  equation  was  made  as  outlined  in  Section  6.3. 
Particular  attention  was  given  to  the  rotary  wing  analogues  to  the  fixed  wing 
aircraft  characteristics  found  to  be  important  predictor  variables. 
Developing  equations  to  predict  the  natural  log  of  the  MFHBF  versus  the  MFHBF 
was  considered,  based  on  trends  found  in  the  bivariate  plots  of  the  MFHBF  and 
the  design/performance  parameters  (see  Section  6.2).  The  natural  log 
transformation  was  again  found  to  improve  the  equations'  fit  to  the  data  for 
many  two-digit  WUC  subsystems. 

As  an  example  of  the  development  process,  Table  6-7  shows  the  development 
of  the  baseline  MFHBF  prediction  equation  for  the  Hydraulic  and  Pneumatic 
Power  (WUC  47000)  to  its  final  form.  Several  of  the  aircraft  characteristics 
selected  as  possible  predictor  variables  were  the  rotary  wing  equivalent  of 
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FABLE  6-7.  DEVELOPMENT  OF  ROTARY  WING  AIRCRAFT 
BASELINE  KFHBF  PREDICTION  EQUATION  FOR  THE 
HYDRAl.IC  PNEUMATIC  POWER  (WUC  45000) 

Y  =  Constant  +  l  b  ^  X i 


Coefficients 

bi 


Aircraft  Characteristics 

EqTl 

(Y=MFhFF) 

Eq.  2 

(Y=lnXRFHBF) ) 

Eq.  3 
(YWHEF) 

Vert.  Rate  of  Climb 

.00091 

.00004 

.01264 

at  Sea  Level  --  Mil. 

No.  of  Main  Rotor  Blades 

30.13800 

.38092 

16.62264 

Main  Rotor  Disc  Area 

-.05517 

-.00141 

-.03029 

'eta  1  A/C  SUP  --  Mil. 

.00941 

.00032 

.00310 

or  '  :-<t .  Power 

Max.  Disc  Loading 

1.92650 

.11776 

2.35658 

Tail  Pjlon  Fold 

-4.89751 • 

.62887 

- 

Eng.  Nt.  Installed 

.00040 

-.00023 

per  Engine 

Constant 

3.17561 

3.18910 

-1.11821 

No.  of  A i -craft 

11 

11 

11 

No.  of  Predictor  Variables 

7 

7 

5 

.0000 

.0000 

.0175 

R;  --  Least  Squares 

.986 

.956 

.986 

R^  --  Riooe 

.986 

.956 

.950 

SSE 

55.3547 

.0971 

193.89028 

3 

4.29553 

.18000 

6.22720 
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the  fixed  wing  aircraft  characteristics  chosen  as  final  predictor  variables. 
For  example,  the  Total  Aircraft  SHP  --  Mil.  or  Int.  Power  and  the  Max.  Disc 
Loading  could  be  equated  to  the  Total  Aircraft  Thrust  --  Military  and  the  Max. 
Wing  Loading  included  in  the  fixed  wing  aircraft  prediction  equation  for  WUC 
45000. 

Using  the  characteristics  given  in  Table  6-7,  Equation  1  was  developed 

using  step-up  regression.  The  order  in  which  the  characteristics  are  listed 

reflects  the  order  of  selection  by  the  step-up  procedure.  Since  a  ridge 

solution  was  not  available  using  step-up  regression,  the  statistics  of  the 

equation  give  the  least  squares  value  for  the  ridge  parameter,  k,  and  the 

2 

coefficient  of  determination,  R  .  The  equation  formed  by  these 

design/performance  parameters  was  statistically  a  good  fit  to  the  data,  as 

2 

reflected  by  the  value  of  R  . 

Equation  2  was  derived  to  determine  if  a  better  fit  to  the  data  could  be 

obtained  by, developing  an  equation  to  predict  the  ln(MFHBF),  instead  of  the 

MFHBF.  The  bivariate  plots  of  the  In(MFHBF)  versus  most  of  the  aircraft 

characteristics  revealed  an  improved  linear  association  over  the  bivariate 

plots  involving  the  MFHBF.  The  In(MFHBF)  version  of  the  equation,  however, 

did  not  prove  to  be  as  good,  statistically,  as  Equation  1.  While  the  sum  of 

squares  for  error,  SSE,  and  the  estimated  standard  deviation,  $,  could  not  be 

2 

compared  due  to  the  transformation  used  in  Equation  2,  the  R  's  indicated 
that  Equation  1  provided  the  better  fit. 

Having  decided  on  the  MFHBF  version  for  the  prediction  equation,  the 

results  of  the  step-up  regression  for  Equation  1  were  further  analyzed.  The 

Tail  Pylon  Fold  and  the  Engine  Weight  Installed  per  Engine,  the  last  two 

characteristics  chosen  as  predictor  variables,  were  found  to  contribute  little 

to  the  predictive  ability  of  the  equation.  The  addition  of  these 

2 

characteristics  neither  increased  the  value  of  R  ,  nor  substantially 
decreased  SSE.  This  was  easily  explained  since  the  Tail  Pylon  Fold  and  the 
Engine  Weight  Installed  per  Engine  were  highly  correlated  with  the  Number  of 
Main  Rotor  Blades  and  the  Max.  Disc  Loading,  respectively.  Once  the  Numbe’  of 
Main  Rotor  Blades  and  the  Max.  Disc  Loading  were  included  in  the  equation,  the 
use  of  the  other  two  characteristics  as  predictor  variables  was  mathematically 
redundant . 
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uuation  3  was  derived  using  only  tne  first  five  characteristics 
■  •  r  equation  1.  As  shown  by  the  statistics  for  this  equation,  the  R~ 
q.  iue  least  squares  solution  was  unchanged,  indicating  an  equally  good  fit 
to  tne  data  with  fewer  variables.  By  eliminating  two  strongly  correlated 
variables,  the  R  of  the  ridge  solution  remained  close  in  size  to  the  R 
of  the  least  squares  solution. 

In  general,  the  quality  of  the  Baseline  MFHBF  Prediction  Equations  derived 
for  the  rotary  wing  aircraft  was  statistically  good.  This  was  attributed  to 
the  homogeneous  group  of  airc.aft  used  to  develop  the  equations. 

As  with  the  fixed  wing  aircraft,  some  further  analysis  was  required  prior 
to  finalizing  the  Rotary  Wing  Aircraft  Prediction  Model.  Some  of  the 
prediction  equations  required  a  reduction  in  the  number  of  predictor  variables 
included  in  the  equation  to  avoid  overfitting  the  data.  The  guideline  that 
the  final  number  of  predictor  variables  should  not  be  more  than  half  the 
number  of  aii craft  used  to  derive  the  equation  was  generally  used  to  determine 
the  number  of  deletions  required.  A  few  prediction  equations,  however,  were 
allowed  an  additional  predictor  variable  when  the  deletion  of  the  variable 
resulted  in  a  significant  decrease  in  R  .  Because  the  smaller  number  of 
rotary  wing  aircraft  meant  fewer  predictor  variables  per  equation  than  for  the 
fixed  wing  aircraft,  to  have  required  the  deletion  of  a  parameter  with 
reasonable  predictive  ability,  could  have  significantly  reduced  the  equation's 
predictive  ability  with  notional  aircraft. 

Any  prediction  equations  not  having  the  statistical  quality  desired  were 
sufficiently  improved  with  the  substitution  of  parameters  already  contained  in 
the  data  base.  Thus,  no  additions  were  made  to  the  Design/Performance  Data 
Base.  Interaction  terms  were  not  considered  for  the  rotary  wing  equations  as 
distinct  trends  were  not  apparent  using  data  from  only  eleven  aircraft. 

Prior  to  validating  the  model,  those  equations  involving  parameters  for 
which  the  notional  aircraft  values  were  likely  to  lie  outside  the  historical 
range  of  values  were  identified.  The  use  of  notional  parameter  values  outside 
the  historical  range  means  extrapolating  with  the  equations  involving  these 
parameters.  This  would  possibly  lead  to  difficulty  in  predicting  a  reasonable 
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value  for  the  MFHBF  of  the  associated  two-digit  WUC  subsystems. 

Anticipating  some  problems  in  predicting  for  notional  aircraft,  alternate 
characteristics  ’were  found.  In  all  cases,  the  aircraft  characteristics  which 
might  involve  extrapolation  were  found  to  be  highly  correlated  with  other 
characteristics-  which  were  expected  to  have  notional  aircraft  values  within 
the  range  of  historical  values.  With  the  substitution  of  these 

characteristics,  a  reasonable  alternate  equation  could  be  derived,  should 
extrapolation  prove  to  be  a  problem  during  validation  (see  Section  7.2). 

6.2  Transformations  of  the  Data.  The  use  of  transformations  was  studied 
many  times  in  the  development  of  the  Baseline  MFHBF  Prediction  Models. 
Transformat  ions  on  both  the  MFH8F  and  selected  design/performance  parameters 
were  investigated  as  a  means  of  obtaining  better  equations  for  predicting  the 
baseline  MFHBF  at  a  two-digit  WUC  level.  Consideration  of  transformed 
variables  were  restricted  to  situations  where  there  were  strong  indications 
that  a  transformation  was  appropriate. 

It  became  apparent,  in  examining  bivariate  plots  that  for  many  two-digit 
WUC's,  use  of  a  transformation  on  the  MFHBF  should  be  considered.  The 
bivariate  plots  of  the  MFHBF  versus  various  design/performance  characteristics 
of  the  aircraft  revealed  a  "L-shaped"  curve  in  the  plotted  points.  The  fact 
that  the  "L-shaped"  curve  was  found  using  the  same  MFHBF  data  with  many 
different  aircraft  characteristics  was  an  indication  that  the  transformation 
should  be  oerformed  on  the  MFHBF. 

The  square  root  transformation  and  the  natural  log  transformation  of  the 
MFHBF  were  both  examined  in  an  attempt  to  improve  the  linearity  of  the  data. 
While  some  improvement  was  shown  with  the  square  root  of  the  MFHBF,  the 
bivariate  plots  of  the  data  still  showed  some  curvature.  A  much  stronger 
linear  trend  in  the  data  was  seen  when  the  natural  log  of  the  MFHBF, 
In(MFHBF),  was  plotted  against  the  various  aircraft  character i sties.  This 
improvement  was  also  indicated  by  an  increase  in  the  absolute  value  of  the 
correlation  coefficients.  A  comparison  of  Figures  6-3  and  6-4,  showing  the 
MFH3F  of  WUC  14000  for  fixed  wing  aircraft  versus  the  Wing  Sweep  and  the 
ln(, MFHBF)  versus  the  Wing  Sweep,  respecti vely,  reflects  the  type  of  improv.. 
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linear  re  1  at  nm;hip  often  seen  when  the  natural  log  transformation  v.as  applied 
■to  the  MFIi;  - . 

It  was  suspected,  therefore,  that  a  substantially  better  fit  to  the  data 
could  be  ootained  by  developing  an  equation  to  predict  the  ln(MFHBF)  instead 
of  the  MFHBF,  for  many  two-digit  WUC's.  The  choice  of  which  dependent 
variable,  the  MFHBF  or  the  In(MFHBF),  was  to  be  used  in  each  prediction 
aquation  was  made  based  on  which  version  of  the  prediction  equation  provided 
the  best  fit  to  the  data,  as  measured  by  the  coefficient  of  determination, 
1  .  The  In(MFHBF)  was  chosen  for  those  WUC's  where  the  increase  in  R  was 
substantial;  otherwise,  the  MFHBF  remained  as  the  dependent  variable  of  the 
prediction  equation. 

The  possible  use  of  transformed  design/performance  characteristics  was 
studied  in  only  a  few  cases,  few  of  the  bivariate  plots  revealed  a  trend  in 
the  data  which  suggested  the  use  of  a  transformation.  In  most  of  the 
bivariate  plots,  either  the  aircraft  characteristics  showed  a  strong  linear 
association  with  the  MFHBF  or  the  ln(MFHBF)  for  various  two-digit  WUC’s,  or 
they  appeared  unrelated  to  the  dependent  variable. 

The  squared  value  of  two  design/performance  parameters  for  fixed  wing 
aircraft  were  used  in  the  development  of  prediction  equations  for  Type  B  fixed 
wing  aircraft.  A  "U-shaped"  trend  was  found  in  the  bivariate  plots  of  the 
Total  Fuel  Capacity  and  the  Fuel  Capacity  of  External  Tanks  with  the  MFHBF  and 
ln(MFHBF)  for  Type  B  aircraft.  By  squaring  these  parameters,  their  linear 
association  with  the  dependent  variables  was  improved  and  they  were  found  to 
ue  good  predictor  variables  for  certain  WUC's.  When  the  remaining  fixed  wing 
aircraft  were  included,  the  squared  terms  were  no  longer  good  predictors  for 
any  two-digit  WUC's,  and,  tnerefore,  were  omitted  from  the  final  prediction 
equations  ot  the  fixed  wing  aircraft  prediction  model. 

6.3  Predictor  Variable  Selection.  Three  different  techniques  were 
jointly  used  in  selection  of  the  design/performance  parameters  to  be 
considered  for  use  in  the  baseline  MFHBF  prediction  equations.  The  selection 
irocess  was  an  iterative  procedure  which  occurred  many  times  during 
development  of  both  the  fixed  wing  and  rotary  wing  aircraft  prediction 
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models.  While  each  prediction  equation  was  derived  in  a  slightly  different 
manner,  the  general  routine  followed  in  selecting  predictive  variables  was 
basically  the  same. 

6.3.1  Initial  Selection.  Engineering  judgement  was  used  to  determine  the 
design/performance  parameters  which  would  initially  be  considered  as  possible 
predictor  variables  for  each  of  the  two-digit  WllC  equations.  With  the 
assistance  of  design  and  systems  engineers,  one  of  four  levels  of  priority  was 
assigned  to  each  characteristic  of  the  Design/Performance  Data  Base.  The 
levels  of  priority  were  assigned  to  reflect  the  degree  of  influence  each 
aircraft  characteristic  was  felt  to  have  in  predicting  the  MFHBF  of  each 
two-digit  WUC  subsystem.  By  initiating  the  selection  process  using 
engineering  expertise,  the  aircraft  parameters  which  should  have  no  connection 
with  a  specific  WUC  were  eliminated,  and  those  aircraft  parameters  with 
intuitive  appeal  were  given  a  higher  priority. 

1 wo 'forms  of  correlation  analysis  were  also  involved  in  the  selection  of 
aircraft  characteristics.  First,  the  correlation  between  pairs  of 
design/performance  parameters  was  derived.  By  examining  the  correlation 
between  the  aircraft  characteristics,  "statistically  equivalent"  parameters 
were  determined,  as  well  as  those  parameters  for  which  the  degree  of  linear 
association  was  insignificant  (see  Section  5.4  for  details).  Table  6-8  and 
Table  6-9  present  the  correlation  coefficients  for  a  selected  group  of  fixed 
wing  and  rotary  wing  aircraft  characteristics,  respectively.  The  direction 
and  degree  of  linear  association  between  the  aircraft  characteristics  was 
crucial  in  determining  which  parameters  were  used  as  predictor  variables  in 
the  equations.  In  Figure  6-5,  the  bivariate  plot  of  the  Wing  Span  Folded 
versus  the  Flight  Controls  Surface  Area  for  the  fixed  wing  aircraft  data 
values,  is  shown,  in  Table  6-8,  this  pair  of  independent  variables  is  shown 
to  have  a  correlation  of  0.926. 

The  correlation  coefficients  between  the  aircraft  characteristics  and  the 
MFHBF  for  a  given  two-digit  WUC  were  also  derived.  These  correlations  often 
provide  an  indication  of  which  parameters  may  have  good  predictive  ability  for 
the  WUC.  Figure  6-6  graphically  displays  the  association  between  the  MFHBF  of 
the  Flight  Controls  and  the  Flight  Control  Surface  Area  of  tne  fixed  wing 
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CORRELATION  MATRIX  OF  SELECTED  FIXED  WING  AIRCRAFT  CHARACTERISTICS 


TABLE  6-9.  CORRELATION  MATRIX  Of  SELECTED  ROTARY  WING  AIRCRAFT  CHARACTERISTICS 


ax.  Speed 
L  Sea  Level 


CONTROL 


i 

V 

ii  »  aft.  With  an  associated  correlation  of  0.70b,  it  appears  that  the  F'.-mt 
Control  Surface  Area  is  potentially  a  good  predictor  of  the  MFHBF  for  me 
1-1  iqnt  Controls  (WUC  14000)  for  fixed  wing  aircraft. 

In  most  cases  the  number  of  variables  to  be  considered  for  use  in  the 
baseline  MFHBF  prediction  equation  for  a  two-digit  WUC  was  greater  than  the 
equation  could  handle  mathematically.  The  number  of  predictor  variables  which 
can  be  included  in  the  prediction  equation  is  limited  by  the  number  of 
aircraft  with  MFHBF  values  available  for  the  WUC  subsystem.  A  forward 
selection  regression  procedure  was  used  to  eliminate  those  variables  with  poor 
predictive  ability  from  further  consideration  (see  Section  5.3  for  details). 

The  forward  selection,  or  step-up,  procedure  provided  valuable  information 

concerning  the  final  selection  of  predictor  variables  for  the  equation.  The 

presence  of  multicollinearities  became  apparent,  based  on  the  choice  of 

variables  made  for  the  equation  by  the  step-up  regression  procedure,  and  the 

effect  each  variable  had  on  the  size  and  sign  of  other  coefficients,  as  each 

variable  was  added  to  the  equation.  The  homogeneity  of  the  data  and  the 

adequacy  of  the  engineering  choices  for  predictor  variables  were  indicated  by 

2 

the  number  of  variables  required  to  achieve  various  values  of  R  for  each 
equation. 

6.3.2  Refinement.  As  the  prediction  equations  were  further  refined,  the 
use  of  engineering  judgement,  correlation  analysis,  and  step-up  regression 
ware  again  employed.  The  role  each  of  these  techniques  played  in  the 

subsequent  selection  of  predictor  variables  differed  from  their  role  in  the 
initial  selection  process. 

Correlation  analysis  was  used  to  analyze  step-up  regression  results. 

'  vamination  of  pairwise  correlations  alone  did  not  detect  all 

i ■  ulticol 1 ineari ties  in  the  data.  However,  examination  of  the  correlation 
'.uef f ic ients,  along  with  the  order  in  which  the  aircraft  parameters  were 
selected,  would  often  indicate  whether  the  use  of  all  or  some  of  the  highly 
correlated  parameters  had  a  positive  effect  on  the  quality  of  6  prediction 
■ quat ion. 


r 


If  two  aircraft  parameters  were  highly  correlated,  one  parameter  was 
included  early  in  the  forward  selection  process,  and  the  other  parameter  was 
among  the  last  chosen,  the  use  of  both  aircraft  characteristics  was 
mathematically  redundant.  If  a  redundancy  was  implied  by  using  both 
parameters  as  predictor  variables,  and  if  engineering/design  considerations 
confirmed  the  relationship,  one  of  the  parameters  was  eliminated.  The 
inclusion  of  both  as  predictor  variables  would  have  increased  the  degree  of 
multicollinearity  in  the  data  used  to  develop  the  prediction  equation. 

The  choice  of  which  aircraft  characteristic  to  eliminate  was  based  on 
engineering  judgement.  The  characteristic  with  more  intuitive  appeal  for  the 
WUC  subsystem  being  considered  remained  in  the  equation.  For  example,  as 
shown  in  Table  6-8,  the  number  of  Variable  Inlets  and  the  Max.  Speed  --  Mach 
No.  for  fixed  wing  aircraft  have  a  correlation  of  0.922.  Statistically,  these 
characteristics  are  considered  to  be  equivalent.  While  the  Number  of  Variable 
Inlets  might  be  the  more  appropriate  of  the  two  as  a  predictor  variable  of  the 
MFBHF  for  WUC  14000  (Flight  Controls),  the  Max.  Speed  --  Mach  No.  might  be 
more  appropriate  for  WUC  29000  (Power  Plant  Installation). 

Engineering  judgement  was  also  involved  in  considering  the  addition  of 
parameters  to  the  Design/Performance  Data  Base.  The  initial  step-up 
regression  results  indicated  the  general  adequacy  of  the  data  base  parameters 
as  predictor  variables.  For  some  WUC's,  the  characteristics  available  in  the 
data  base  did  not  produce  a  statistically  good  equation  for  predicting  the 
MFHBF.  Other  aircraft  parameters  considered  potentially  important  for  design 
and  engineering  reasons  were  added  to  the  Design/Performance  Data  Base  for  use 
with  these  WUC's. 

The  step-up  regression  procedure  was  used  to  analyze  the  impact  of  the 
addition  and  deletion  of  parameters  from  consideration  as  possible  predictor 
variables  for  a  two-digit  WUC  prediction  equation.  The  regression  results 
revealed  which  aircraft  characteristics  were  consistently  good  predictors  of 
the  MFHBF  of  a  given  two-digit  WUC.  Many  parameters  were  found  to  have  good 
predictive  ability  only  when  combined  with  certain  other  characteristics  to 
form  the  prediction  equation.  These  results  also  indicated  whether  the 
parameters  added  or  deleted  from  consideration  were  statistically  good  choices. 
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Kirnuyh  the  f ■>rv.a>'d  selection  procedure,  an  upper  limit  on  the  number  of 
H.-ait  parameters  required  to  form  a  statistically  good  prediction  eo'otion 
j  '  each  I'lUC  was  established.  This  maximum  number  was  determined  by  examining 

t 

the  results  as  each  aircraft  parameter  was  chosen  as  a  predictor  variable  for 

p 

;  a  equation.  The  point  at  which  the  increase  in  R  and  the  decrease  in  SSE 
\</s  minimal  with  the  addition  of  another  variable  was  the  determining  factor 
*'■*  establishing  an  upper  limit  on  the  number  of  predictor  variables  needed  in 
..  e  equation. 

6.a  Estimation  of  Prediction  Equation  Coefficients.  Estimates  of  the 
coefficients  for  the  baseline  MFHBF  prediction  equations  and  equations  derived 

the  final  stages  of  model  development  were  primarily  determined  by  the 
presence  of  multicollinear  data.  Certain  guidelines  were  developed  so  that 
usistency  would  be  established  in  the  choice  of  estimates  used. 

* 

)f  the  Variance  Inflation  Factors  (VIF's)  did  not  indicate  the  presence  of 
•  alticol linearities  in  the  data  used  for  development  of  the  equation,  the 
least  squares  estimates  for  the  coefficients  were  used.  When  multicollinear 
;  it  a  was  present,  ridge  estimates  were  used  to  offset  the  effect  of  the 
multicol linearity  and  provide  more  stable  estimates. 

To  arrive  at  a  set  of  ridge  estimates,  a  choice  of  the  parameter  k  had  to 
i  made.  To  insure  the  proper  choice  was  made,  both  the  k-value  determined  by 
‘the  rule  associated  with  the  maximum  VIF  and  k-value  computed  from  the  least 
•quares  solution  were  examined  (see  Section  5.6  for  details). 

In  the  development  of  some  of  the  prediction  equations,  the  computed 
-value  was  considerably  larger  than  the  value  derived  by  the  VIF  rule.  This 
immediately  indicated  some  lack  of  homogeneity  in  the  data.  Therefore,  the 

I  umputed  k-value  was  the  clear  choice  to  ensure  that  the  coefficients  used 
■-.■ere  sufficiently  stable.  Hopefully,  the  size  of  the  computed  k-value  was  not 

j  o  large  as  to  cause  a  drastic  decrease  in  R  or  increase  in  SSE. 

\  . 

In  most  cases,  the  computed  k-value  was  only  slightly  larger  than  that 
erived  by  the  VIF  rule.  While  the  difference  between  the  two  values  was 
insignificant,  the  computed  k-value  was  again  used  to  avoid  an  unanticipated 
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the  more  stable  the 


sensitivity  to  the  use  of  extrapolated  data; 
coefficient,  the  better  the  chance  for  a  "good" 
data. 


i  .e. , 
prediction  with 


extrapolated 


On  occasion,  the  computed  k-value  was  found  to  be  smaller  than  required  to 
meet  the  guidelines  of  having  all  VIF  values  less  than  or  equal  to  10.  This 
was  primarily  due  to  the  small  number  of  predictor  variables  in  the  equation 
relative  to  the  number  of  aircraft  being  used  to  derive  their  associated 
coefficients.  In  such  situations,  the  k-value  determined  by  the  maximum  VIF 
rule  was  used.  The  computed  k-value  would  not  have  sufficiently  reduced  the 
effects  of  the  multicollinear  data;  namely,  coefficient  estimates  with 
inflated  variance  values. 
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MODEL  VALIDATION 


In  the  model  validation  phase,  the  adequacy  of  the  models,  the  sensitivity 
f  t he  models  to  the  data  bases,  and  the  accuracy  of  the  final  baseline  MFHBF 
rediction  equations  were  examined.  Because  of  the  large  number  of  equations 
>n  the  Baseline  Reliability  Prediction  Models  and  the  variety  of  validation 
echniques  used,  certain  analyses  were  limited  to  only  a  selected  set  of 
prediction  equations.  The  prediction  equations  for  WUC 1  s  11000  (Airframe), 
3000  (Landing  Gear),  41000  (Air  Conditioning/Pressuri2ation/Ice  Control),  and 
53000  (UHF  Communications)  were  examined  for  both  fixed  wing  and  rotary  wing 
ircraft.  The  other  fixed  wing  aircraft  equation  examined  was  for  WUC  27000 
fTurbofan  Engines),  while  the  additional  rotary  wing  aircraft  equation  was  for 
MJC  22000  (Turboshaft  Engines). 


These  ten  prediction  equations  were  selected  in  order  that  (1)  the 
ifferent  data  backgrounds  involved  in  equation  development  were  represented, 
Hid  (2)  the  WUC's  provided  a  wide  range  of  functional  areas  of  the  aircraft, 
or  instance,  with  the  fixed  wing  aircraft,  the  prediction  equation  for  WUC 
27000  was  derived  using  only  seven  aircraft  data  points  and  the  prediction 
quation  for  WUC  63000  was  derived  using  both  land  and  carrier-based 
aircraft.  While  the  failure  rate  reported  for  WUC  11000  and  WUC  13000  would 
2  major  contributors  to  the  overall  MFH3F  of  fixed  wing  and  rotary  wing 
aircraft,  the  failure  rate  reported  for  WUC  63000  would  have  less  impact. 


7.1  Technical  Approach.  Several  procedures  were  used  in  validating  the 
3aseline  Reliability  Prediction  Models.  Those  techniques  which  validated  the 
rediction  equations  themselves  were  restricted  to  the  five  fixed  wing  and 
five  rotary  wing  equations  identified  above,  while  those  techniques  which 
i  j 1 i dated  overall  models  involved  all  equations. 


One  of  the  techniques  for  validating  the  prediction  equations  consisted  of 
omparing  the  data  base  or  "historical"  values  for  the  ln(MFHBF)  and/or  the 
HBF  against  the  predicted  values.  As  mentioned  in  Section  5.2,  the  sum  of 

t 

■  wares  for  error  provided  an  overall  measure  of  the  differences  between  the 
ti^torical  or  true  values  and  predicted  values.  However,  this  did 


I 


1’ien  iDunfiinou 


not  rule  out  the  possibility  of  an  extreme  difference  between  the  historical 
and  predicted  values  for  a  given  aircraft.  The  purpose  of  examining  the  two 
sets  of  values  was  to  determine  if  any  such  extreme  differences  existed. 

Examination  of  the  standardized  residuals  is  a  technique  frequently  used 
for  both  verifying  the  distributional  assumptions  made  in  the  analysis  and 
determining  the  adequacy  of  the  prediction  equations.  For  the  set  of 
equations  described  in  Section  5.1, 

P 

Yi  =  +  l  BjXij  *  V  for  i=1’  n’ 

0=1 

the  following  assumptions  are  generally  made  in  regression  analysis: 


The  Y^.s  used  in  the  analysis  constitutes  a  random  sample. 
The  error  terms,  e- 's,  are  statistically  independent. 

The  e^'s  are  normally  distributed. 

The  e- 's  have  means  of  zero. 

1  2 
The  e. 's  have  constant  variance,  a  . 


Given  these  assumptions,  the  standardized  residuals,  e^  = 


Y.-Y. 

i  i 


'Var(YrY.) 


are  normally  distributed  with  zero  mean  and  unit  variance.  Using  plots  of  the 
cumulative  frequency  versus  the  standardized  residuals,  i.e.,  "normal  plots", 
and  the  predicted  values  derived  from  each  equation  versus  the  standardized 
residuals,  the  assumptions  of  normality  and  homoscedasticity  (constant 
variance),  respectively,  were  assessed. 

In  the  normal  plots,  the  standardized  residuals  were  graphed  on  a  normal 
probability  distribution  grid.  The  plotted  points  appro,  ’’ated  a  straight 
line,  if  the  normality  assumption  was  satisfied.  Any  indication  of 
nonnonnal ity  could  have  been  due  to  the  nee  for  a  transformation  on  the 
historical  values  or  a  lack  of  fit  to  the  data. 

If  the  assumption  of  constant  variance  held,  the  variability  in  the  plots 
of  the  predicted  values  against  the  standardized  residuals  was  fairly 
uniform.  That  is,  a  uniform  band  could  have  been  drawn  such  that  the  plotted 


%  'aid  lie  within  the  region.  If  a  systematic  change  in  the  plotted 

•  ..-as  detected,  then  the  prediction  equation  was  statistically 

,n.\]eU'iate.  This  inadequacy  could  have  been  handled  with  an  appropriate 

t 1  ans- '’1’ination  on  the  historical  values  for  the  MFHBF. 

pata-spl itting  was  not  used  in  validation  due  to  the  number  of  aircraft 
used  in  development  of  the  model.  Such  techniques  are  traditionally  reserved 
for  large  data  sets.  Instead,  the  technique  of  omitting  individual  aircraft 
from  the  data  base  and  deriving  adjusted  coefficients  for  the  prediction 
equations  was  employed  to  check  the  sensitivity  of  the  coefficients. 

Ideally,  an  adjusted  equation  would  have  been  obtained  for  the  omission  of 
each  aircraft  used  in  development  of  the  baseline  prediction  equation.  Even 
in  restricting  the  use  of  this  procedure  to  the  ten  prediction  equations  of 
interest,  a  total  of  172  sets  of  adjusted  coefficients  would  have  been 

derived.  Therefore,  only  four  aircraft  omissions  for  each  of  the  ten 
l.wo-diqit  WUC  prediction  equations  were  considered.  In  each  case,  the 
aii craft  associated  with  the  maximum  MFHBF,  minimum  MFH8F,  maximum  residual 
value,  and  minimum  residual  value  were  omitted  from  the  data  base,  one  at  a 
Lime,  and  adjusted  coefficients  derived.  These  four  data  values  are  usually 
the  most  influential  in  determining  the  estimated  coefficient  values. 

No  statistical  procedure  exists  for  analyzing  the  adjusted  coefficients. 

Whether  or  not  a  prediction  equation  was  acceptable,  based  on  the  results  of 

the  "leave-one-out"  technique,  was  primarily  a  matter  of  judgement.  While 

some  shift  in  coeff icier t.s  was  expected,  if  the  equation  was  stable,  no 

2 

radical  change  in  the  coefficients,  R  ,  SSE,  or  the  ridge  parameter,  k, 
should  have  occurred.  A  large  change  implied  the  prediction  equation  was 
sensitive  to  the  MFHBF  and  parameter  values  of  the  historical  aircraft. 

lo  validate  the  overall  models,  the  MFHBF  for  each  fixed  wing  and  rotary 
wing  aii craft  used  in  model  development  were  predicted  at  the  two-digit  WUC 
subsystem  level,  using  the  equations  of  the  Baseline  Reliability  Prediction 
Models.  The  predicted  MFHBF  values  for  each  two-digit  WUC  were  then  compared 


to  their  corresponding  historical  values.  The  predicted  MFHBF  values  for  the 
aircraft,  obtained  from  the  equation  for  the  overall  reliability  and  by 
combining  the  predicted  values  for  the  two-digit  WUC  subsystems,  were  compared 
to  their  respective  historical  MFHBF  values  for  the  aircraft.  Through  this 
procedure,  the  relative  accuracy  of  the  prediction  equations  for  historical 
aircraft,  and  the  adequacy  of  the  models  in  detecting  changes  in  configuration 
were  examined. 

Since  the  baseline  MFHBF  prediction  equations  will  be  used  with  notional 
aircraft  design/performance  parameter  values,  whether  or  not  the  model  had 
reasonably  good  extrapolation  properties  was  a  crucial  indication  of  the 
model's  predictive  ability.  To  examine  the  quality  of  the  baseline  MFHBF 
predictions  using  extrapolated  data,  the  prediction  equations  were  provided  to 
NAVA1R.  NAVAIR  used  these  equations  to  predict  the  baseline  MFHBF  values  for 
notional  aircraft  designs  of  the  Sea  Based  Air  Master  Study  (SBAMS)  Aircraft 
Alternatives  Definition  Tast.  NAVAIR  applied  the  prediction  model  to  40  of 
the  candidate  SBAMS  fixed  wing  aircraft  designs  and  to  four  of  the  candidate 
SBAMS  rotary  wing  aircraft  designs.  Approximations  were  used  for  those 
design/performance  parameter  values  not  readily  available  in  the  fo-mat 
required  for  use  of  the  equations.  A  comparison  wa«  performed,  within  NAVAIR, 
of  the  models'  predicted  baseline  MFHBF  for  each  two-digit  WUC  subsystem 
against  the  fleet  3-M  MFHBF  values  initially  used  as  a  NAVAIR  Baseline  for  the 
SBAMS  aircraft  estimates. 

7.2  Results.  Through  results  of  the  validation  phase,  the  predictive 
ability  of  the  Baseline  Reliability  Prediction  Models  was  determined.  The 
predictive  ability  was  measured  by  the  adequacy,  sensitivity,  and  accuracy 
with  which  the  fixed  wing  and  rotary  wing  prediction  models  predicted  the 
reliability  of  historical  and  notional  aircraft,  and  the  individual  prediction 
equations  predicted  at  the  two-digit  VJUC  subsystem  level.  Since  the  ten 
prediction  equations  chosen  for  validation  involved  a  wide  cross-section  of 
two-digit  WUC  subsystems  and  combination  of  aircraft,  their  results  were 
considered  representative  of  ail  prediction  equations. 

Examination  of  the  predicted  versus  historical  values  for  the  ten 
prediction  equations  revealed  no  statistically  significant  differences  in  to 
two  sets  of  values.  Grapns  of  tne  values  predicted  from  the  equation:  v:--  , 


’  m*  ii',»oi'ical  values  used  to  derive  tiie  equ-d  icrs  are  shown  in  Figures  "-1 
,-h.  -7.  For  those  equations  predicting  the  lnvt’iFhSF),  a  graph  involving  me 

imtMi  HBF)  values,  as  well  as  a  graph  of  the  MfHBF  values,  are  presented.  In 

c-acu  graph,  both  the  individual  points  and  the  overall  scatter  were  founa  to 
reflect,  normal  variation  in  the  values. 

While  the  difference  between  the  historical  and  predicted  values  appeared 
to  be  extreme  for  selected  aircraft  in  the  graphs  of  WUC  41000  and  WUC  63000 
for  fixed  w^ng  aircraft,  only  two  aircraft  had  a  difference  greater  than  two 
standard  deviations  in  each  case.  Under  the  assumption  of  normality,  this  was 
not  statistically  improbable,  given  the  number  of  aircraft  used  to  derive  the 
equations. 

As  indicated  by  the  normal  plots  given  in  Figures  7-3  and  7-4,  the 
normality  assumption  appeared  to  be  well  substantiated  in  all  but  two  cases, 

•xcept  in  normal  plots  of  WUC  41000  and  WUC  63000  for  rotary  wing  aircraft, 

Jic  plotted  points  tended  to  form  a  straight  line.  Thus,  the  form  of  the 
associated  prediction  equations  was  considered  to  be  statistically  adequate; 

.e.,  additional  predictor  variables  were  not  needed  in  the  prediction 
equations. 

The  points  in  the  normal  plots  of  WUC  41000  and  WUC  63000  for  rotary  wing 

ircraft  more  closely  approximated  two  lines  instead  of  one.  Since  less  than 

,0  aircraft  were  used  to  derive  these  equations,  it  was  difficult  to  determine 
’t  the  data  was,  in  fact,  not  normal.  As  a  lack  of  normality  would  have 

up  lied  the  need  for  additional  variables  in  the  prediction  equation,  the  two 
prediction  equations  were  left  in  their  existing  form.  The  addition  of 
editor  variables,  causing  the  equation  to  overfit  the  data,  would  have  had 
a  more  negative  effect  on  the  predictive  ability  of  the  equation  than  a 

|  >ssible  lack  of  normality  in  the  data. 

j  Trip  plots  of  the  predicted  value  against  the  standardized  residuals  did 
1 .ut  reflect  any  significant  departure  from  the  assumption  of  constant 
■ 'nance.  As  shown  by  the  graphs  in  Figures  7-5  and  7-6,  no  systematic  change 
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HISTORICAL  MFHBF  (Y) 
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Figure  7-1  (Cent.).  Predicted  MFHBF  vs  Historical  MFHBF 
For  Fixed  Wing  Aircraft  --  WUC  13000 


HISTORICAL  In  (MFHBF)  (Y) 


For  Fixed  Wing  Aircraft  --  WUC  41000 


(Cont.).  Predicted  In(MFHBF)  vs  Historical  ln(MFHBF) 
For  Fixed  Wing  Aircraft  --  WUC  63000 


Figure  7-1  (Cont.).  Predicted  MFHBF  vs  Historical  MFH8F 
For  Fixed  Wing  Aircraft  --  WUC  63000 
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HISTORICAL  MFHBF 


Figure  7-2  (Cont.).  Predicted  MFHBr  vs  Historical  MFHBf 
For  Rotary  Wing  Aircraft  --  WUC  22000 


Figure  7- 


2  (Cont.).  Predicted  MFriBF  vs  Historical  MFHBF 
For  Rotary  Wing  Aircraft  --  WUC  41000 
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Cone.'.  .'iorma :  Plot  of  Standardized  Residuals  For  Fixed  Wing  Aircraft  --  WUC  41000 


iaifar^ii  hi  ll  l '•  I  ■  ■ !  -V- f li rn 


CUMULATIVE  FREQUENCY 


7-4  (Cant.)-  -Normal  Plot  of  Standardized  Residuals  For  Rotary  Wing  Aircraft  --  WUC  41000 


7-5.  Predicted  In(MFHBF)  vs  Standardized  Residuals  For  Fixed  Wing  A 


Standardized  Residuals  For  Fixed  Wing  Aircraft  —  WUC  13000 


Predicted  MFH8F  vs  Standardized  Resid 
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(MFHSF)  vs  Standardized  Residuals  For  Fixed  Wing  Aircraft  —  WUC  410 


re  7-6  (Cont.)-  Predicted  ln(MFH8F)  vs  Standardized  Residuals  For  Rotary  Wing  Aircraft 


PREDICTED 


g  Aircraft 


Standardized  Residuals  For  Rotary  Wing  Aircraft  —  WUC  63000 


in  the  plotted  values  was  detected.  Thus,  the  ocsclne  MFHBF  preoiction 
equations  were  considered  statistically  adequate  witn  respect  to  the  form  of 
the  mathematical  expressions. 

The  results  of  the  "leave-one-out"  validation  procedure  are  presented  in 
Tables  7-1  ana  7-2.  A  comparison  of  the  coefficients  and  statistics  was  made 
to  determine  the  baseline  MFHBF  prediction  equations'  sensitivity  to  the 
data.  None  of  the  adjusted  coefficients  for  WUC's  11000,  13000,  41000,  and 
53000  for  fixed  wing  aircraft,  and  WUC's  13000  and  41000  for  rotary  wing 
aircraft  appeared  to  deviate  significantly  from  their  baseline  prediction 
equation  coefficients. 

While  the  remaining  equations  were  not  found  to  be  sensitive  to  the  data, 
some  adjusted  coefficients  for  WUC  27000  for  fixed  wing  aircraft  and  WUC's 
11000,  22000,  and  63000  for  rotary  wing  aircraft  reflected  a  greater  change. 
This  was  primarily  due  to  the  smaller  number  of  aircraft  used  to  derive  these 
prediction  equations.  The  omission  of  a  single  aircraft  decreased  the  size  of 
the  data  base  between  9%  and  14%.  For  these  equations,  only  one  set  of 
adjusted  coefficients,  associated  with  the  omission  of  an  individual  aircraft, 
varied  considerably  from  the  respective  baseline  coefficients.  Thus,  the 
relationship  between  the  MFHBF  of  the  two-digit  WUC  subsystem  and  the  set  of 
predictor  variables  reflected  in  the  baseline  prediction  equation  was  felt  to 
be  stable. 

The  validation  of  the  models  revealed  no  significant  shortcomings  in  the 
predictions  made  for  the  historical  aircraft  at  the  two-digit  WUC  level  or  at 
the  aircraft  level.  Tables  7-3  through  7-8  present  the  results  fo-  three 
fixed  wing  and  three  rotary  wing  aircraft  used  in  model  development.  In  each 
>is‘\  predicted  values  were  computed  only  for  those  WUC's  applicable  to  the 
•liven  aircraft.  A  prediction  of  the  MFHBF  for  an  aircraft  consisting  of  the 
indicated  two-digit  WUC  subsystems  was  obtained  by  mathematically  combining 
ine  predicted  MFHBF  values  for  the  subsystems.  In  all  cases,  this  predicted 
volue  was  close  to  the  historical  value.  The  overall  aircraft  prediction 
•pcation  (WUC  00000),  developed  for  use  in  validating  notional  aircraft 
predictions,  also  sho..ed  good  predictive  ability  with  historical  aircraft. 
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COMPARISON  OF  ROTARY  WING  AIRCRAFT  PREDICTION  EQUATIO? 
FOR  SELECTED  AIRCRAFT  DELETIONS 
TURBOSHAFT  ENGINES  --  WUC  22000 
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TABLE  7-3.  PREDICTION  OF  HISTORICAL  FIXED  WING  AIRCRAFT 
RELIABILITY  --  A-7E 


PREDICTED 

HISTORICAL 

NO. 

WUC 

MFHBF 

MFHBF 

4  $  4  $  $  t  * 

1 

00000 

1.042 

1.04  2 

2 

11000 

10.054 

12.090 

3 

12000 

39.365 

35.920 

4 

13000 

12.955 

10.900 

5 

14000 

20.422 

24.570 

6 

27000 

37.840 

35.910 

7 

29000 

50.645 

42.090 

8 

41000 

65.559 

50.790 

9 

42000 

16.275 

24.380 

10 

44000 

20. 193 

21.170 

11 

45000 

34.616 

33.640 

1? 

46000 

32.622 

42.790 

13 

47000 

80.797 

116.570 

14 

49000 

106.567 

145.630 

15 

51000 

18.948 

15.220 

16 

56000 

67. 069 

363.870 

17 

57000 

52.956 

22.760 

16 

63000 

38.278 

19.320 

19 

64000 

154.050 

564.570 

20 

65000 

89.667 

83.490 

21 

66000 

1533.576 

3033.700 

22 

67000 

97,200 

381.510 

23 

71000 

61.538 

25.960 

24 

72000 

26.658 

46.610 

25 

73000 

16. 305 

6.230 

26 

74000 

46.743 

53.080 

21 

75000 

35.848 

23.600 

28 

76000 

60.636 

50.220 

2  Q 

91000 

2  55.093 

235.100 

30 

960  0  0 

3017.173 

4127.820 

31 

97000 

2969.561 

2962,320 

AIRCRAFT 

1.203 

1.043 
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SABLE  7-4.  PREDICTION  OF  HISTORICAL  FIXED  WING  AIRCRAFT 
RELIABILITY  —  RF-8G 


PREDICTED  HISTORICAL 

NO.  WUC  MFHBF  MFHBF 


1 

00000 

.795 

.807 

2 

11000 

9.269 

10.300 

3 

12000 

26.308 

35.360 

4 

13000 

8.771 

7.620 

5 

14000 

19.700 

13.790 

6 

23000 

27.233 

22.630 

7 

29000 

35.636 

27.140 

8 

41000 

38.979 

28.310 

9 

42000 

13.906 

8.000 

10 

44000 

19.388 

24.170 

11 

45000 

22.049 

17.570 

12 

46000 

27.711 

28.710 

13 

47000 

87.696 

72.390 

14 

49000 

106.116 

83.220 

1  5 

51000 

15.460 

9.270 

16 

56000 

80.058 

113.920  „ 

17 

57000 

22.927 

12.610 

18 

63000 

22.445 

21.250 

19 

65000 

71.440 

36.380 

20 

66000 

701.169 

523.500 

21 

67000 

121.674 

251.760 

22 

71000 

27.149 

16.070 

23 

72000 

38.442 

28.250 

2  4 

73000 

89.792 

159.750 

25 

76000 

38.453 

33.09  0 

26 

77000 

7.433 

10.810 

27 

91000 

169.673 

201.420 

28 

97000 

2696.127 

1387.200 

AIRCRAFT 

.946 

.808 

TABLE  7-5.  PREDICTION  OF  HISTORICAL  FIXED  WING  AIRCRAFT 
RELIABILITY  —  S-3A 


PREDICTED 

HISTORICAL 

NO. 

WUC 

MFH8F 

MFH8F 

1 

00000 

1.201 

1.134 

2 

11000 

10. 341 

12.960 

3 

12000 

59.646 

79.140 

4 

13000 

15.736 

15.880 

E 

-/ 

14000 

23.528 

27.920 

6 

24000 

69.353 

69.550 

7 

27000 

36.734 

36.640 

8 

29000 

32.129 

41.020 

9 

41  >00 

31* 530 

44.280 

10 

42000 

24.808 

31.420 

3  ] 

44000 

22.917 

2 1 . 09  0 

12 

45000 

51.893 

70.270 

13 

46000 

56.486 

78.700 

14 

47000 

187.158 

186.590 

15 

49000 

66.392 

62.880 

16 

51000 

17.301 

26.400 

17 

56000 

66.398 

96. 120 

18 

57000 

54.442 

35.940 

19 

61000 

92.460 

103.910 

20 

63000 

46.965 

74.440 

21 

64000 

55.553 

21.810 

22 

65000 

75.118 

65.630 

23 

66000 

1134.577 

1144.720 

24 

67000 

146.098 

242.450 

26 

69000 

124.915 

301.300 

26 

71000 

30.969 

52.360 

27 

72000 

19.710 

21.280 

28 

73000 

27. 28C 

5.120 

29 

74000 

1602. 318 

1153.470 

30 

75000 

182.232 

143.460 

U 

76000 

5.567 

128.020 

3? 

9  1000 

159.600 

153.900 

3  3 

96000 

657.263 

1010. 57C 

3  L 

9  7000 

2109.258 

1283.080 

A  1 C P  AFT 

1.053 

1.165 
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TABLE  7-6.  PREDICTION  OF  HISTORICAL  ROTARY  WING 
AIRCRAFT  RELIABILITY  ~  CH-53D 


PREDICTED  HISTORICAL 

MO.  WUC  MFHBF  MFHBF 


1 

00000 

.791 

.760 

2 

11000 

4.473 

4.390 

3 

12000 

22.304 

20.850 

A 

13000 

12.731 

11.680 

5 

14000 

10.248 

8.970 

6 

15000 

6.035 

5.910 

7 

22000 

28.503 

27.  790 

8 

24000 

52.201 

'*6.540 

9 

26000 

11.781 

11.490 

10 

29000 

10.734 

10.450 

11 

41000 

413.588 

402.550 

12 

42000 

11.459 

11.580 

13 

44000 

14.673 

15.280 

14 

45000 

41.334 

43.920 

15 

46000 

48 .991 

50.750 

16 

49000 

126.823 

90.140 

17 

51000 

21.157 

20.130 

18 

56000 

73.198 

60.090 

19 

57000 

16.159 

15.580 

20 

61000 

54.118 

52.750 

21 

62000 

63. 503 

63.110 

2? 

63000 

62,055 

50.140 

23 

64000 

65.337 

53,920 

24 

65000 

68.764 

99,670 

25 

67000 

452.591 

380.390 

2  6 

71000 

25.932 

23.980 

27 

72000 

107.900 

101.630 

28 

75000 

11 52.971 

1247.880 

29 

76000 

752.639 

760,290 

'0 

91000 

784.813 

702.760 

31 

96000 

554.350 

658.140 

AIRCRAFT 

.763 

.73b 
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TABLE  7 

-7.  PREDICTION  OF  HISTORICAL 

.  ROTARY  WING 

AIRCRAFT 

RELIABILITY  — 

HH-46A 

PREDICTED 

HISTORICAL 

NO. 

WUC 

MFHBF 

MFHBF 

$  4*  4t  $  4>  $  $  $  $  4*  4=  * 

1 

00000 

.871 

.86  A 

2 

11000 

A.97A 

A. 820 

3 

12000 

27.327 

25.0A0 

A 

13000 

18.019 

19.920 

5 

1A000 

15.683 

15.810 

6 

15000 

6.A10 

6.290 

7 

22000 

1 7  •  5  5  A 

16.900 

8 

2A000 

57.79A 

57,730 

9 

26000 

1A.5A5 

16.230 

10 

29000 

2A.638 

22.A50 

11 

A1000 

1A0.A55 

1  A  3 . 270 

12 

A2000 

15.832 

13.A50 

13 

AAOOO 

18.267 

17.350 

1 A 

A5000 

21.91A 

16.860 

15 

A6000 

78.215 

62.330 

16 

A9000 

10A.A98 

237.950 

17 

51000 

17.567 

14.510 

18 

56000 

227.913 

233.100 

19 

57000 

26.109 

21.110 

20 

61000 

A17.391 

A28.020 

21 

62000 

37A. 121 

380.060 

22 

63000 

AA.83A 

A  2 . 6  2  0 

23 

6A000 

AO  .756 

AO . 5 AO 

2  A 

65000 

183.227 

260.610 

25 

71000 

29.523 

27.980 

26 

72000 

76.086 

69.630 

27 

91000 

A  77. 562 

314.530 

28 

96000 

3AA.936 

354,100 

29 

97000 

19A2.371 

210A.920 

AIRCRAFT 

.913 

.866 
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TABLE  7-8.  PREDICTION  OF  HISTORICAL  ROTARY  WING 
AIRCRAFT  RELIABILITY  -  SH-3A 


PREDICTED  HISTORICAL 

j.  WUC  MFHBF  HFHBF 


1 

00000 

.857 

.851 

2 

11000 

4.816 

5.260 

3 

12000 

37.170 

39.410 

4 

13000 

10.382 

10.130 

5 

14000 

36.32? 

40.140 

6 

15000 

9.163 

9.860 

7 

22000 

15.229 

16.310 

8 

26000 

18.102 

19.710 

9 

29000 

24.2.98 

30.820 

10 

41000 

267.757 

281.170 

11 

42000 

13.150 

16.450 

12 

44000 

19.417 

20.890 

13 

45000 

21.637 

22.900 

14 

46000 

74.433 

65.910 

15 

49000 

33.801 

38.180 

16 

51000 

24.659 

23.480 

17 

54000 

310.825 

318.330 

18 

56000 

131.679 

128.350 

19 

57000 

19.758 

17.280 

20 

61000 

124.171 

138.360 

21 

62000 

121.761 

119.860 

22 

63000 

41.173 

45.060 

23 

64000 

38 . 634 

35.540 

24 

65000 

168.233 

163.940 

2  5 

67000 

4  86.5  70' 

452.440 

25 

71000 

27,963 

27. 670 

27 

72000 

31.690 

39.250 

28 

73000 

17.849 

7.660 

29 

74000 

118.522 

118.240 

30 

75000 

118.538 

114.090 

31 

91000 

319,621 

209.240 

3? 

97000 

1848.547 

1773.550 

AIRCRAFT 


854 


8L6 


For  most  two-digit  WUC's  of  a  given  aircraft,  the  predicted  MFH8F  were  in 
>’easonab1e  agreement  with  the  historical  values.  Those  two-digit  WUC 

predictions  which  differed  considerably  from  the  historical  values  were  for 
WUC  subsystems  having  large  values  for  the  MFHBF.  Thus,  the  impact  on  the 

overall  MFHBF  of  the  aircraft  was  minimal. 

The  validation  of  the  models'  predictive  ability  for  notional  aircraft, 

performed  by  NAVAIR,  led  to  some  changes  in  the  baseline  MFHBF  prediction 
equations  of  the  two  models.  A  comparison  between  the  predicted  baseline 

MFHBF  values  obtained  from  the  equation  and  the  NAVAIR  baseline  for  the  SBAMS 
aircraft  estimates  showed  reasonable  agreement,  within  expected  uncertainty, 
for  most  two-digit  WUC  subsystems.  Those  predicted  values  found  to  differ 
significantly  from  the  NAVAIR  estimates,  which  incorporated  the  3-M  MFHBF 
values  for  the  F-14A,  A-6E,  S-3A,  E-2C,  C- 1  A,  C-2A,  KA-6D,  and  AV-8A,  were  the 
result  of  extrapolating  beyond  the  range  of  values  of  historical  aircraft 
characteristics.  As  the  ability  to  extrapolate  was  crucial  to  the  use  of  the 
model  with  notional  aircraft,  various  equations  were  adjusted. 

To  improve  the  ability  to  predict  with  extrapolated  data,  alternative 
equations  were  chosen  for  those  two-digit  WUC  subsystems  with  unreasonable 
predicted  values.  In  some  cases,  alternative  equations  identified  during  the 
refinement  phase  of  model  development  were  used  by  NAVAIR  to  arrive  at  more 
reasonable  baseline  MFHBF  predicted  values.  In  the  remaining  situations, 
predictor  variables  causing  the  extrapolation  were  replaced  with  other 
variables  to  form  an  equation  with  reasonable  predictive  ability  for  notional 
aircraft.  Through  the  substitution  of  equations  or  predictor  variables,  the 
adverse  effects  of  the  extrapolation  were  minimized,  and  the  final  Baseline 
MFHBF  Prediction  Models  were  formed. 
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TABLE  A- 1 . 

MINIMUM  AND  MAXIMUM  MFHBF  VS  TWO-DIGIT  WUC 

FOR  FIXED  WING  AIRCRAFT 

MFHBF 

JULY 

76  —  JUNE  78 

JULY  78 

--  JUNE  79 

MIN 

MAX 

MIN 

MAX 

00000 

0.39 

2.42 

0.41 

1.50 

1)000 

4.68 

21.70 

3.20 

15.31 

12000 

17.62 

205.11 

19.17 

198.13 

130U0 

5.30 

19.37 

5.35 

20.65 

14000 

8.78 

66.61 

8.52 

32.94 

20000 

15.72 

73.28 

14.41 

64.08 

22000 

14.84 

59.86 

13.96 

242.36 

23000 

20.10 

56.44 

20.92 

64.08 

24000 

62.46 

73.07 

73.75 

181.76 

27000 

15.72 

73.28 

14.41 

53.86 

29000 

12.73 

135.70 

10.24 

146.10 

41000 

11.57 

137.88 

13.98 

124.57 

42000 

5.04 

31.42 

6.18 

27.17 

44000 

8.83 

36.51 

9.26 

28.35 

413000 

9.79 

119.19 

10.10 

127.30 

4b000 

9.76 

85.10 

8.37 

101.99 

47000 

20.46 

186.59 

12.45 

178.69 

49000 

19.11 

298.99 

12.87 

208.81 

51000 

7.73 

47.08 

10.16 

34.89 

5b000 

14.97 

363.87 

13.21 

392.53 

57000 

12.61 

127.59 

13.00 

139.50 

50000 

51.83 

9187.33 

- 

- 

61000 

18.59 

122.15 

20.12 

138,68 

62000 

30.96 

5211.05 

26.32 

3809.75 

b3000 

16.58 

130.40 

14.09 

136.32 

64000 

19.86 

1216.50 

15.99 

1209.38 

6b000 

29.38 

217.50 

28.95 

331.86 

66000 

182.42 

3033.70 

270.20 

2984.50 

67000 

5.22 

1132.91 

5.48 

986.24 

69000 

5.51 

301.30 

23.69 

672.67 

71000 

10.94 

288.89 

12.18 

172.77 

72000 

2.69 

121.99 

2.66 

126.02 

73000 

2.72 

159.79 

2.77 

506.33 

74000 

2.52 

1153.47 

2.85 

777.65 

75000 

19.54 

156.71 

18.81 

263.91 

76000 

2.32 

198.43 

2.31 

306.88 

//000 

2.19 

5014.29 

2.99 

9849.00 

'.'1000 

36.64 

588.20 

35.13 

626.86 

9JO00 

81.43 

283.35 

54.25 

243.91 

9(.‘UU0 

201.74 

4127.82 

240.08 

5651.67 

9/000 

269.00 

6680.67 

395.07 

6091.69 

MAXIMUM  TAIL  DOWN  GROUNO 
LIME  MAIN  GEAR  A  NO  TIRE 
STATICALLY  OE ELECTED 


table  A-4.  typical  format  of  group  weight  statement 
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I  ABLE  A-4  (CONT.).  TYPICAL  FORMAT  OF  GROUP  WEIGHT  STATEMENT 
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TABLE  A-4  (CONT.).  TYPICAL  FORMAT  OF  GROUP  WEIGHT  STATEMENT 
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TAME  A-4  ( CONT . ) .  TYPICAL  FOP  "AT  OF  GROUP  WEIGHT  STATEMENT 
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estimated  design/ 
fixed  and  rotary 


PERFORMANCE  PARAMETERS  FOR 
WING  AIRCRAFT 


AIRCRAFT 


Fixed  Wing 

AV-8A,  F-4J 
AV-8A 

KC-130F ,  F-40 
F-4N 

All  Aircraft 
All  Aircraft 
C-1A,  E-IB,  RF-4B 


ESTIMATED  DESIGN/PERFORMANCE 
PARAMETERS 


Fuselage  Wetted  Area 

Fuselage  Volume 

Max  Sneed  Mach  Number 

Date  of  1st  Flight  -  Prototype 

Wing  Wetted  Area 

Total  Wetted  Area 

Min.  Time:  Sea  Level  to  20K  Ft 


Rotary  Win' 

CH-S3A 

SH-2F 


Specific  Fuel  Consumption  --  No 
Max.  Rate  of  Climb  —  Normal 


I 


TABLE  A-6.  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 

Most  of  the  design/performance  parameters  are  standard  terms  discussed  in 
•1IL-C-5011A,  MIL-STD-1374A,  and  SD-24K,  Volumes  1  and  2.  To  insure  that 
proper  values  are  used  in  the  prediction  equations  of  the  two  models,  the 
*ol lowing  explanations  and  definitions  are  provided.  Reference  Tables  A-8  and 
A-9  for  a  complete  list  of  design/performance  parameters. 


Fixed  Wing  Aircraft 


o  Type  A  or  B: 

A  binary  indicator  parameter  used  to  permit  categorical 
differences  between  aircraft  to  be  accounted  for.  For  a  Type  A 
aircraft,  this  parameter  is  set  equal  to  "0"  (zero),  and  for  a 
Type  B  aircraft  is  set  equal  to  "1"  (one).  Type  B  aircraft 
include  fighter,  attack,  reconnaissance  (derivatives  of 
fighter/attack),  and  electronic  warfare;  Type  A  is  all  other 
aircraft. 


o  Kinetic  Energy  (multi,  of  100,000): 

The  (Maximum  Landing  Weight  in  Lbs)  times  the  (Landing  Sink 

2 

Speed  --  Limit  in  Ft/Sec)  ,  i.e.,  KE  =  (  Wt.  in  Lbs.)  times 

2 

(Speed  in  Ft. /Sec.)  .  Then  KE  is  divided  by  100,000  prior  to 
use  in  a  prediction  equation.  This  is  a  mod i f i ed  definition  and 
should  not  be  confused  with  the  standard  definition  in  a  physics 
text.  Example  --  (25,000  Lbs)  times  (22.0  Ft/Sec)2 
=  (25,000  Lbs)  times  (484.0  Ft2/Sec2) 

=  12,100,000.0  Lbs  *Ft2/Sec2 

Then  (12,100,000.0  Lbs-Ft2/Sec2)  divided  by  100,000. 

*  121.0  Lbs -Ft2/Sec2 

o  .  Date  of  1st  Flight  --  Prototype, 

Date  of  1st  Flight  —  Series: 

Coded  values  equal  to  the  number  of  months  since  January  1, 
1950;  i.e.,  January  1950  has  the  value  of  "1",  February  1950 
has  the  value  of  "2",  ...,  December  1950  is  "12",  Oeceinber 
1951  is  "24",  etc. 
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TABLE  A-6  (Cont.).  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 


o  Crew  Size  --  Cockpit  or  Total: 

"Cockpit"  crew  size  applies  to  Type  B  fixed  wing  aircraft;  and 
"Total"  crew  size  applies  to  Type  A  fixed  wing  aircraft. 

o  Number  of  Movable  Flight  Control  Surfaces: 

Includes  flaps,  spoilers,  ailerons,  speedbrake,  slats,  rudders, 
etc. 

o  Number  of  External  Store  Stations: 

The  number  of  external  attachment  points  for  munitions. 

o  Flight  Control  Surface  Area: 

Sum  of  the  areas  of  the  flaps  spoilers,  ailerons,  speedbrake, 
„  ailerons,  slats,  rudders,  etc. 

o  Wing  Wetted  Area: 

Value  obtained  by  solving  for  wing  wetted  area  in  the  expression 

Fuselage  Wetted  Area  _  Wing  Wetted  Area 

“Internal  Fuel  Cap.  =  Int.  Wing  Fuel  Cap. 

o  Total  Wetted  Area: 

The  sum  of  fuselage  wetted  area  and  wing  wetted  area. 

Max.  Rate  of  Climb  at  Sea  Level: 

The  maximum  rate  of  climb  calculated  at  military/intermediate 
power  settings  for  turbofan  and  turbojet  engines;  at  normal 
power  settings  for  turboprop  and  turboshaft  engines. 

Min.  Time:  Sea  Level  to  30K  Ft.: 

Minimum  time  calculated  at  military/intermediate  for  turbofans 
and  turbojets,  or  normal  power  settings  for  turboprop  and 
turboshaft  engines. 


TABLE  A -6  (Cont.).  GENERAL  NOTES 
FIXED  AMD  ROTARY  WING  AIRCRAFT 


o  Total  Generator  Elec.  Power: 

Total  electrical  power  supplied  by  all  aircraft  generators 
operating  at  rated  power  levels. 

o  Empty  Weight: 

A  configuration  for  design  purposes,  as  defined  in  detail  model 
specifications.  Does  not  include  crew,  fuel,  oil,  armament, 
cargo,  bombs,  and  disposable  or  special  equipment. 

o  Max.  T.O.  Weight  --  Cat.  or  Normal: 

Maximum  take-off  weight  is  the  greatest  weight  for  take-off 
established  by  Technical  Orders,  design  requirements,  or  other 
specific  recommendations  of  the  procuring  agency. 

o  Bypass  Ratio: 

The  fan  duct  air  flow  divided  by  the  core  air  flow, 
o  Max.  Speed  --  Mach  No.: 

Highest  Mach  Number  that  can  be  obtained  across  all  design 
missions. 

o  .  Afterburner  Indicator, 

Recce.  Indicator, 

.  EW  Indicator, 

A/C  Carrier  or  Land  Based: 

Binary  indicator  parameters  used  to  permit  categorical 
differences  between  aircraft  to  be  accounted  for. 

u  F  1  iyht  Design  Weight: 

Weigh*  at  which  specified  flight  structural  design  requirements 
are  met  or  are  required  to  be  met. 

o  Max.  Speed  at  Sea  Level: 

Maximum  speed  obtainable  at  Sea  Level  across  all  design  missions. 
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TABLE  A-6  (Cont.).  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 

o  .  (Max.  Rate  of  Climb)  x  (Type  A  or  B), 

(Max.  Speed  --  Mach  No.)  x  (Type  A  or  B), 

.  (Max.  Speed  at  Sea  Level)  x  (Type  A  or  B), 

.  (Min.  Combat  Mission  Time)  x  (Type  A  or  B), 

.  (Avionics  Wt.  Installed)  x  (Type  A  or  B), 

(Max.  Wing  Loading)  x  (Type  A  or  B): 

These  parameters  are  called  interaction  terms  and  are  formed 
by  the  product  of  an  indicator  parameter  (i.e.,  Type  A  or  B) 
as  it  applies  to  a  given  aircraft  and  a  design/performance 
parameter.  See  Section  5.5  and  6.1.1  of  Volume  II  for  a  more 
detailed  explanation. 

o  Number  of  Engines: 

The  number  of  primary  engines  for  aircraft  of  conventional 
design,  and  the  number  of  primary  lift/cruise  engines  for 
aircraft  designs  having  primary  lift/cruise  engines  plus 
auxiliary  lift  engines.  The  auxiliary  lift  engines  must  be 
accounted  for  and  predicted  separately. 

o  Total  Aircraft  Thrust  --  Military: 

The  sum  of  the  rated  thrust  for  each  primary  engine  (e.g., 
lift/cruise)  at  military  or  intermediate  power  setting. 

o  Max.  No.  of  Ext.  Arm.  Stores: 

Maximum  number  of  munitions  that  can  be  carried  externally  by 
the  aircraft.  For  example,  the  A-7B  has  6  weapons  pylons  and 
each  pylon  can  carry  a  maximum  of  3  munitions.  Therefore,  18  is 
the  maximum  number  of  armament  stores. 

o  Landing  Sink  Speed  --  Limit: 

The  ultimate  sink  speed  for  which  the  aircraft  is  designed. 
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I  ABLE  A-6  (Cont.).  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 


Total  Aircraft  Thrust  --  Military, 

Maximum  Thrust  per  Engine, 

Max.  Thrust  to  Installed  Engine  Weight, 

Max.  Thrust  to  Max.  Take-Off  Weight, 

Max.  Thrust  to  Max.  Landing  Weight, 

Military  Thrust  to  Design  Weight: 

Horsepower  figures  for  aircraft  with  turboprop,  turboshaft, 

or  reciprocating  engines  were  converted  to  thrust  using 

r  _  300  HP 
*'t  "  MPH 


Max.  Payload 

Max.  Service  Ceiling, 

Max.  Combat  Radius, 

Max.  Combat  Mission  Time, 

Max.  Speed  at  Sea  Level, 

Max.  Wing  Loading: 

The  maximum  values  across  all  design  missions  excluding  the 
ferry  mission 

Min.  Time:  Sea  Level  to  30K  Ft., 

Min.  Combat  Mission  Time, 

Min.  Stall  Speed  --  Approach  Power, 

Min.  Landing  Distance  —  Ground  Roll, 

Min.  Time:  Sea  Level  to  20K  Ft: 

The  minimum  values  across  all  design  missions  excluding  the 
ferry  mission 

Ldg.  Wt.  --  Arrested  or  Design: 

The  maximum  arrested  landing  weight  if  the  aircraft  is 
carrier-based;  the  maximum  design  landing  weight  if  the  aircraft 
is  land-based 


' TABLE  A- 6  (Cont.).  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 


Rotary  Wing  Aircraft 

o  Empty  Wei glit: 

A  configuration  for  design  purposes,  as  defined  in  detail  model 
specifications.  Does  not  include  crew,  fuel,  oil,  armament, 
cargo,  bombs,  and  disposable  or  special  equipment. 

o  Max.  Take-Off  or  Landing  Weight: 

The  data  available  for  data  base  development  consistently  showed 
the  two  parameters  to  be  equal  in  value.  If  a  situation 
develops  where  the  values  are  different,  the  recommended 
approach  is  to  use  the  larger  value. 

o  Crew  Size  --  Total : 

The  total  number  of  crew  members  for  which  the  aircraft  was 
designed,  i.e.,  cockpit  crew  plus  all  other  personnel  normally 
assigned  to  the  aircraft. 

o  Mo.  of  Troops: 

The  number  of  troops  that  can  be  accommodated/carried  by  an 
aircraft  having  a  primary  mission  of  marine  assault. 

o  Mo.  of  External  launch  Points: 

The  number  of  external  attachment  points  for  munitions  with  the 
exception  of  flares. 

o  Max.  No.  External  Armament  Stores: 

The  maximum  number  of  droppable  ordnance  items  carried 

externally  which  may  be  accommodated  by  the  aircraft. 
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TABLE  A-6  (Cont. ) .  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 


No.  of  External  Torpedo  Store  Stations: 

The  number  of  external  attachment  points  which  can  accommodate 
torpedos.  . 

No.  of  Internal  Sonobuoy  Stores: 

The  total  number  of  individual  sonobuoys  carried  internally  by 
an  aircraft. 

Tail  Pylon  Fold: 

A  parameter  whose  value  is  "1"  if  the  notional  aircraft  has  a 
tail  pylon  fold  and  "0"  if  the  aircraft  does  not  have  a  folding 
tail . 

.  Date  of  1st  Fit.  --  Series, 

.  Date  of  1st  Fit.  --  Prototype, 

.  Date  of  1st  Fit.  --  Service, 

Coded  values  equal  to  the  number  of  months  since  January  1, 
1950;  i.e.,  January  1950  has  the  value  of  "1",  February  1950 

has  the  value  of  "2",  .  December  1950  is  "12",  December 

1951  is  "24",  etc. 

Total  Aircraft  SHP  —  Mil.  or  Int.  Power: 

Tue  product  of  the  number  of  propulsion  engines  and  the  Military 
or  intermediate  shaft  horsepower  per  engine. 

Military  or  Int.  SHP  per  Engine: 

The  SHP  rating  of  a  single  engine  operated  at  military  or 
intermediate  power  setting. 

No.  of  Mission  Variants: 

The  number  of  different  missions  the  aircraft  is  equipped  to 
perform.  The  missions  include  anti-submarine  warfare  (ASW), 
marine  assault  (MA),  vertical  onboard  delivery  (VOD),  and  search 
and  rescue  (SAR). 


TABLE  A-6  (Cont.).  GENERAL  NOTES 
FIXED  AND  ROTARY  WING  AIRCRAFT 


Total  Rotor  Disc  Area  (Sweep)  --  Main  +  Tail: 

The  area  swept  by  one  revolution  of  a  main  rotor  blade  plus  the 
area  swept  by  one  revolution  of  a  tail  rotor  blade. 

Main  Rotor  Disc  Area  (Sweep): 

The  area  swept  by  one  revolution  of  a  main  rotor  blade. 

Main  Rotor  Blade  Area  (Total): 

The  sum  of  the  area  projected  by  each  main  rotor  blade. 

Auxiliary  Power  Unit: 

A  binary  indicator  parameter  used  to  permit  differences  between 
aircraft  having  or  not  having  an  auxiliary  power  unit  to  be 
. -  accounted  for. 

Total  Generator  Electrical  Power: 

Total  electrical  power  supplied  by  all  aircraft  generators 
operating  at  rated  power  levels. 

.  Max.  Disc  Loading, 

.  Max.  Rate  of  Climb  --  Normal, 

Max.  Service  Ceiling, 

Max.  Speed  at  Sea  Level, 

.  Max.  Combat  Radius, 

Max.  Combat  Range: 

The  maximum  values  across  all  design  missions  excluding  the 
ferry  mission. 

MA  Indicator: 

A  binary  indicator  parameter  used  to  permit  differences  between 
aircraft  having  or  not  having  marine  assault  as  the  primary 
mission  to  be  accounted  for.  If  the  notional  aircraft's  primary 
mission  is  marine  assault  the  parameter  has  the  value  of  "1", 
otherwise  it  has  a  value  of  "0". 


TABLE  A-7.  OMISSION'S  AND  SUBSTITUTIONS  OF 
DESIGN/PERFORMANCE  PARAMETERS 


l 

v 


The  following  remarks  reference  all  entries  in  the  Design/Performance  Data 
Bases  for  which  omissions  or  substitutions  were  required. 

Fixed  Wing  Aircraft 


o  .  Turbine  Inlet  Temperature, 

.  Number  of  Turbine  Stages, 

.  Number  of  Fan  plus  Compressor  Stages: 

Data  values  were  omitted  for  the  E-IB  and  C- 1 A  as  these 
parameters  are  not  applicable  to  reciprocating  engines, 
o  Specific  Fuel  Consumption: 

Data  values  were  not  available  for  the  E-IB  and  C-lA. 
o  Max.  Take-Off  Weight: 

For  the  KC-130F,  KC-130R,  P-3A,  P-3B,  and  P-3C,  the  Max.  Take-Off 

Weight  (Normal)  was  used  in  place  of  Max.  Take-Off  Weight 

(Catapult) . 

o  Max.  Landing  Weight: 

For  the  KC-130F,  KC-130R,  P-3A,  P-3B,  and  P-3C,  the  Max.  Landing 

Weight  (Design)  was  used  in  place  of  Max.  Landing  Weight 

(Arrested) . 

o  .  Min.  Time:  Sea  Level  to  20K  Ft., 

.  Min.  Time:  Sea  Level  to  30K  Ft.: 

For  the  KC-130R  the  times  associated  with  the  mission  for  which 
the  rate  of  climb  at  sea  level  is  maximum  were  used  instead  of 
th«  true  minimum  time;  for  all  other  aircraft  the  same  mission 
provided  both  the  minimum  time  and  maximum  rate  of  climb, 
o  Bypass  Ratio: 

Data  Values  were  omitted  for  the  C-lA,  C-2A,  E-IB,  E-2B,  E-2C, 
KC-130F,  KC-130R,  P-3A,  P-3B,  and  P-3C  as  this  does  not  apply  to 
aircraft  with  turboprop  and  reciprocating  engines. 
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TABLE  A- 7  (Cont.).  OMISSIONS  AND  SUBTI TUT  I ONS  OF 
DES IGN/PERFORMANCE  PARAMETERS 

o  Max.  Combat  Radius: 

Since  a  ferry  mission  was  associated  with  the  maximum  combat 
radius  given  for  the  A-6E,  the  next  largest  radius  value  was 
entered  in  the  data  file, 
o  Number  of  Engine  Parts: 

13  of  the  32  aircraft  are  missing  data  values;  these  values  were 
unobtainable  from  the  engine  manufacturer. 


Rotary  Ming  Aircraft 
No  omissions  or  substitutions. 
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Spec.  Fuel  Consumption  Yes  0.363  0.89 

Turoine  Inlet  Temp.  (Deg.  F)  Yes  1680.  2300.  Turbojet  and  turbofan  and  turboprop 

Empty  Weight  (Lbs.)  Yes  9624.  74095. 

c light  Design  Weight  (Lbs.)  Yes  12504.  155000. 

lesign  Load  Factor  --  Subsonic  Yes  2.5  8.5 
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LIST  OF  ACRONYMS  AMD  SYMBOLS 


1 

A 

Attack 

i 

1 

AAW 

Air-To-Air  Warfare 

AEW 

Aircraft  Early  Warning 

s' 

Arr. 

Arrested  Landing 

t  ■ 

ASUVJ 

Anti -Surface  Warfare 

1  * 

ASW 

Antisubmarine  Warfare 

rf*,  ' 

A/C 

Aircraft 

W 

Cat. 

Catapult 

- 

1 

COO 

Carrier  Onboard  Delivery 

i 

4  % 

CTOL 

Conventional  Takeoff  or  Landing 

<• 

f 

ECS 

Environmental  Control  System 

EW 

Electronic  Warfare 

r. 

F 

Fighter 

*  \ 

FPM 

Feet  Per  Minute 

HELO 

Helicopter 

Inst 

Installed 

Int. 

Intermediate 

k 

Ridge  Parameter 

i , 

KVA 

K.i  lovolt-Ampere 

L; 

ln(MFHBF) 

Natural  Log  of  MFH8F 

i 

f  - 

MA 

Marine  Assault 

MFHBF 

Mean  Flight  Hours  Between  Failures 

< 

} 

•  *$ 

Mil. 

'  Military 

NATOPS 

Naval  Air  Training  and  Operating  Procedures  Standardization 

PSF 

Pounds  Per  Square  Foot 

f 

ro 

Correlation  Coefficient 

l 

* « 

;  r2 

Coefficient  of  Determination 

:  Recce 

Reconnaissanr: 

**  *- 

SAC 

Standard  Aircraft  Characteristics 

t 

SAR 

Search  and  Rescue 

«* « 

V  ^ 

i  SBAMS 

Sea  Based  Air  Master  Study 

S.L. 

Sea  Level 

SSE 

Sum  of  Squares  of  Error 

SSR 

Sum  of  Squares  Due  to  Regression 

STOL 

Short  Takeoff  or  Landing 

STOVL 

Short  Takeoff  and  Vertical  Landing 

!  TKR 

i  TYPE  A 

Tanker 

Carrier  Based  Aircraft  --  ASW/ASUW,  AEW,  COD,  Tanker,  Etc. 
Carrier  Based  Aircraft  —  Fighter,  Attack,  Reconnaissance, 

**- 

1  TYPE  B 

rtar 

Electronic  Warfare 

TYPE  L 

Land-Based  Aircraft  --  Patrol  ASW,  Tanker 

1 

Uni  list 

Uninstalled 

w***  *■  I 

»*  '  1 

VIF 

Variance  Inflation  Factor 

;M.«S  -  | 

VOD 

Vertical  Onboard  Delivery 

f  J 

V/STOL 

Vertical/Short  Takeoff  or  Landing 

T  '  ! 

tkj  1 

VJUC 

Work  Unit  Code 

3M 

Maintenance  and  Material  Management  System 
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